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I. INTRODUCTION 

Accurate measurement of suspended p a r t i c u l a t e  matter in  a  f l u i d  stream is 

important i n  i n d u s t r i a l  opera t ions  and environmental inves t iga t ion .  For example, 

a  c i v i l  engineer needs t o  know the  amount of suspended sediment in  a  r i v e r  t o  

p r e d i c t  the  e f f e c t i v e  l i f e  of a  r e se rvo i r  o r  todetermine  i f  t he  r ive r  water can 

be used f o r  i r r i g a t i o n .  R chemical engineer measures suspended p a r t i c u l a t e  

matter in  a  pipe t o  monitor manufacturing processes.  A p l a n t  manager needs t o  

know how much p a r t i c u l a t e  matter is leaving a  smokestack t o  be able  t o  meet 

environmental s tandards .  

The goal  of most p a r t i c u l a t e - f l u i d  sampling programs is t o  obta in  a  

r ep resen ta t ive  specimen of the  sampled p a r t i c u l a t e - f l u i d  stream f o r  ana lys i s .  

To meet t h i s  g o a l ,  four  requirements m u s t  be s a t i s f i e d :  (1) p a r t i c u l a t e  

concentrat ion in  the  sample must be the  same a s  in  the  sampled stream a t  the  

loca t ion  the  sample was taken and a t  t he  time it was taken,  ( 2 )  various 

types of p a r t i c u l a t e s  moving p a s t  t he  sampling loca t ion  a t  the  time the  sample 

was taken m u s t  be represented in  t h e i r  c o r r e c t  propor t ions ,  3 s i z e  d i s -  

t r i b u t i o n  of the  va r ious  p a r t i c u l a t e s  m u s t  be t h e  same i n  the  sample a s  in  the  

sampled stream a t  the  loca t ion  the  sample was taken and a t  the same time t h e  

sample was taken,  and ( 4 )  enough po in t s  m u s t  be sampled t o  descr ibe  the  v a r i a t i o n  

of p a r t i c u l a t e  concent ra t ion  in  the  flow and t o  ob ta in  an accurate average 

p a r t i c u l a t e  concentrat ion.  

Sampling methodology fo r  p a r t i c u l a t e - f l u i d  sampling c o n s i s t s  of t h r e e  

phases: c o l l e c t i n g  the  sample, accumulating and/or s t o r i n g  the  sample, and 

analyzing the  sample. For example, i n  measuring suspended sediment in  a  r i v e r ,  

the  sample of r i v e r  water is co l l ec ted  through a  nozzle and t ranspor ted  through 

a  tube or  pipe t o  a  b o t t l e  or  o ther  container  where it is s tored  fo r  l a t e r  

ana lys i s .  Each phase of the  sampling methodology can introduce e r r o r s  i n t o  the  

sampling process. For example, the  nature and amount of p a r t i c u l a t e s  i n  t h e  

sample can change while it is being c o l l e c t e d  and s to red  because of chemical 

r eac t ions  o r  phys ica l  i n t e r a c t i o n s  between t h e  p a r t i c l e s  such a s  f loccu la t ion .  

P a r t i c u l a t e s  may be l o s t  or  missed when the  sample is analyzed. 



A common method of collecting a sample from a particulate-fluid 

stream is to withdraw part of that sample through a nozzle as illustrated 

in Fig. 1-1. Errors can be introduced into the sampling process by the 

nozzle design and construction, its orientation and location in the 

sampled particulate-fluid stream, and the ratio between the fluid velocity 

in the stream and the fluid velocity in the nozzle entrance. The errors 

introduced because of the orientation of the nozzle in the sampled stream 

are the subject of this study. 

Previous research has shown that if the nozzle is not properly 

oriented so that it faces into the fluid flow and is aligned parallel to 

the fluid flow, considerable error is introduced into the sampling process 

(Federal Interagency Sedimentation Project, 1941). The research that has 

been done to determine the magnitudes and types of errors because of im- 

proper orientation is limited. Presently estimates of the error because 

of improper nozzle orientation cannot be made. This is a serious deficiency 

because it is not always possible to have the nozzle oriented upstream. For 

example, automated pumping samplers are being increasingly used to sample 

streams and sewers because they can sample unattended for extended periods 

of time. The sampling nozzle, however, is easily clogged by debris so that 

no sample can be taken. To alleviate this problem the sampling nozzle is 

often turned to face downstream on the principle that an inaccurate sample 

is better than no sample at all (Beschta, 1980). 

It was the purpose of this research study to investigate the errors 

caused by nozzle orientation for three sizes of quartz sand in water and 

one set of flow parameters. Eight orientations of the nozzle with respect 

to the flow were studied. They are 45 degrees apart around a horizontal 

axis as shown in Fig. 1-2. It was also the purpose of the research to 

determine, if possible, some of the more important physical parameters 

affecting the type and magnitude of the errors. 



0 0 P 
0 9 0 

FLOW DIRECTION 0 
0 

0 
.3 v . -  _ - 

0 

9 w 
o SAMPLING NOZZLE 0 

a 0 0 
9 

0 
0 

9 Q * P 0 v v 
q 0 

9 * 
0 9 * 9 * 

v Q 0 
0 0 0 * 0 d f  a * ', 0 Q 

D a 
G r .  4 u q  q 9 V ? 0 

0 

Schemat ic  of a common method of c o l l e c t i n g  p a r t i c u l a t e -  
f l u i d  samples  w i t h  a nozz le .  

FIGURE 1-1 

The e i g h t  nozz le  o r i e n t a t i o n s  used i n  t h e  s tudy .  
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11. ANALYSIS AND LITERATURE REVIEW 

A particle suspended by a fluid is subjected to several forces in- 

cluding a drag force, a lifting force due either to the particle's rota- 

tion or to the velocity gradient across the particle, and body forces such 

as gravitational or magnetic forces. The prime moving force on the par- 

ticle is the drag force applied to the particle by the moving fluid (Soo, 

1967). 

Soo (1967), in a discussion of the drag force and other forces acting 

on the particle,listed the following fluid and particle parameters affect- 

ing the forces on a suspended particle: (a) fluid parameters: fluid 

density and viscosity; velocity, pressure, temperature, and density 

gradients in the fluid; fluid turbulence; and scale of turbulence,and 

(b) particle parameters: size, shape, and orientation of the particle; 

particulate concentration and concentration gradients; particle clouds; 

wall effects; and translatory, oscillatory, and rotational movement of the 

particle. 

It is outside the scope of this discussion to consider all of these 

fluid and particle parameters in an analysis of particle movement near a 

sampling nozzle. For the purpose of making some qualitative observations 

about the motion of a particle in the fluid stream being withdrawn through 

a nozzle, a simplistic model will be derived based upon the following 

assumptions. The particle is a non-rotating sphere of uniform density 

and surface roughness. The fluid is irrotational, incompressible, and 

has uniform viscosity and density. The turbulence of the fluid is ignored 

except that the effect of the turbulence in suspending the particle will 

be included in a "lift" force that also includes the effects of a velocity 

gradient across the particle. The streamlines are assumed to be straight 

andparallel. The particle is close to the nozzle and is moving along 

the streamline at the velocity of the fluid. The fall velocity of the 

particle is balanced by the "lift" force on the particle. The force 

balances are summarized in Fig. 11-1. 

If the streamlines curve, the force balance changes as shown in 

Fig. 11-2. The force on the particle due to its inertia is directed 
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along its old path while the direction and magnitude of both the ''lift" 

force and drag force change. The direction of the gravitational force 

remains unchanged. A summation of the force vectors shows that the 

resultant force on the particle is directed along a line between the 

particles old path and the direction of the streamline. Consequently, 

the particle is unable to follow the streamline and instead begins to 

cut across the streamlines. 

In the following analysis the gravity and lift forces are assumed 

to be constant in both direction and magnitude. The direction the particle 

moves in will then be determined by the respective magnitudes and direc- 

tions of the inertial and drag forces acting on the particle. The inertial 

force is a function of the particle mass and velocity. For a given particle, 

the mass varies as the cube of the particle's diameter. Therefore, as either 

the particle size or velocity increases, its inertia increases. 

The drag force is a function of the particle diameter, the viscosity 

and density of the fluid, and the relative velocity of the fluid in rela- 

tion to the particle velocity. The relationship between the drag force 

and the fluid and particle parameters is complicated and usually related 

by a drag coefficient ( C  ) versus Reynolds number (Re) diagram (Olson, 1966; D 
Soo, 1.967). 

To illustrate the relationship between particle size, particle mass, 

and the inertial and viscous forces, the particle velocity was calculated 

as a function of time for three sizes of quartz sand, dS0 = 0.1, 0.01, 0.001 mm. 

The following equations were used in an iterative process in the order given. 

1. Reynolds number Re = 
(Us - d50 

V 
'(1) 

2. Drag coefficient 3 )y2 cD = 2 (1 + - Re 
16 

( 2 )  

(US - UPi)2 A 
3. Drag F = C  p D D f  2 

4. Acceleration of 
F~ a = -  
m 

particle 

5. Particle velocity u = ant + u 
Pi-t-l Pi 



where u = stream velocity (0.61 m/s or2ft/s, for this sample comparison) s 

u = particle velocity at time t=i 

u = particle velocity at time t=i+l 
'i+l 

-6 2 v = kinematic viscosity of fluid (1.004~10 m /s @ 20°c) 

A = projected area of particle 

pi = density of fluid (998.20 kg/m3 @ 20°c) 

m = mass of particle = Vp 
P 

V = particle volume 

3 
P~ 

= particle density (2645.23 kg/m ) 

At = time increment 

The equation for the drag coefficient is given in Olson (1966, p. 422) 

as an approximation valid up to Re = 100 for spheres. The time step At 

varied between 1x10-~ sec to 1x10-~ sec. The particle was assumed to have 

been released from rest into a moving water stream with a velocity of 0.61 

m/s (2 ft/s) at time, t=O. 

The resulting curves are shown in Fig. 11-3. The ratio between par- 

ticle inertial resistance to motion and the viscous drag force applied to 

it as measured by the Reynolds number decreases as particle diameter 

decreases; a11 other variables are held constant. As shown in Fig. 11-3, 

the particle with the smaller diameter responds more quickly to changes 

in the fluid velocity than to the particle with the larger diameter. Ex- 

tending this reasoning, one is led to look for a limit below which inertial 

forces would not affect the motion of the particle. That limit is somewhat 
-5 . ambiguous. In air pollution analysis it is set at 1 um (3.94~10 in.) for 

aerosols (Raynor, 1970). 

Based upon the work of the Federal Interagency Sedimentation Project 
-6 . (FIASP, 1941, p. 4), quartz particles less than about 10 um (3.94*10 in.) 

in diameter act like a molecule of water in responding to changes in velocity 

in the water. 

The foregoing discussion was based upon the assumption that the 

particles were spheres. Real particles are not uniform spheres of uni- 

form density and the response of real particles to changes in velocity 
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o f  t h e  f l u i d  w i l l  be d i f f e r e n t  from t h a t  shown i n  Fig .  11-3. The d r a g  f o r c e  

e x e r t e d  on t h e  p a r t i c l e s  w i l l  be dependent  upon t h e  s i z e  o f  t h e  p a r t i c l e ,  i t s  

s h a p e ,  i t s  o r i e n t a t i o n  t o  t h e  f low,  and its a n g u l a r  and t r a n s l a t o r y  motion 

r e l a t i v e  t o  t h e  motion of t h e  E lu id .  However, t h e  r e s u l t s  o f  t h e  above 

a n a l y s i s  i n d i c a t e  t h e  b a s i c  t r e n d s  o f  t h e  p a r t i c l e  r e a c t i o n s  and should be 

a  f a i r l y  a c c u r a t e  r e p r e s e n t a t i o n  o f  what t h e  p a r t i c l e  r e a c t i o n  t o  changes  i n  

f l u i d  v e l o c i t y  w i l l  be.  

I f  t h e  v e l o c i t y  v e c t o r  of t h e  f l u i d  changes  i n  e i t h e r  magnitude o r  

d i r e c t i o n ,  t h e  response  of t h e  p a r t i c l e  depends  upon its s i z e  and mass. I n  

g e n e r a l ,  a:; a  p a r t i c l e  s i z e  d e c r e a s e s ,  i ts  response t o  changes  i n  t h e  v e l o c i t y  

v e c t o r  oE t h e  s t ream occur  more q u i c k l y .  For d i f f e r e n t  t y p e s  of p a r t i c l e s  o f  

t h e  same s i z e ,  l e s s  massive  p a r t i c l e s  respond more q u i c k l y  t o  changes i n  t h e  

v e l o c i t y  v e c t o r .  

T h e r e f o r e ,  i f  t h e  f l u i d  s t r e a m l i n e s  a r e  f o r c e d  t o  c u r v e  because  of t h e  

sampl ing p r o c e s s ,  two t h i n g s  w i l l  happen t o  t h e  sampled p a r t i c u l a t e  concen- 

t r a t i o n :  (1) s i n c e  n o t  a l l  p a r t i c l e s  wi1.l be a b l e  t o  f o l l o w  t h e  stream- 

l i n e s ,  t h e  measured c o n c e n t r a t i o n  w i l l  be d i f f e r e n t  from t h e  a c t u a l  concen- 

t r a t i o n  i n  t h e  f l u i d  s t r e a m ,  and ( 2 )  s i n c e  s m a l l e r  o r  l e s s  massive  p a r t i c l e s  

a r e  a b l e  t o  f o l l o w  t h e  s t r e a m l i n e s  more c l o s e l y  t h a n  l a r g e r  o r  more massive 

p a r t i c l e s ,  both  t h e  s i z e  d i s t r i b u t i o n  and p a r t i c l e  t y p e  d i s t r i b u t i o n  w i l l  be 

d i f f e r e n t  from t h a t  i n  t h e  f l u i d  s t ream.  

Two c a s e s  where t h e  s t r e a m l i n e s  a r e  f o r c e d  t o  c u r v e  d u r i n g  t h e  sampling 

p r o c e s s  w i l l  be d i s c u s s e d .  I n  each c a s e  t h e  assumption w i l l  be made t h a t  t h e  

u n d i s t u r b e d  s t r e a m l i n e s  a r e  s t r a i g h t  and p a r a l l e l  and t h e  p a r t i c l e s  a r e  

f o l l o w i n g  t h e  f l u i d  s t r e a m l i n e s .  

I n  t h e  f i r s t  c a s e  t o  be c o n s i d e r e d ,  t h e  sampl ing n o z z l e  is a l i g n e d  w i t h  

t h e  f low and p o i n t i n g  d i r e c t l y  upstream. I t  i s  assumed t h a t  t h e  p resence  of 

t h e  sampling n o z z l e  does  n o t  d i s t u r b  t h e  s t r e a m l i n e s  i n  t h e  f l u i d .  The t h e o r y  

of i s o k i n e t i c  sampl ing g o v e r n s  t h i s  c a s e .  The t h e o r y  of i s o k i n e t i c  salnplings 

is suppor ted  bo th  by e x p e r i m e n t a l  work (FIASP, 1941; Watson, 1954; Davies ,  

1968; Zenker,  1971) and by t h e o r e t i c a l  work ( V i t o l s ,  1966; Davies ,  1 9 6 8 ) .  

The t h e o r y  assumes t h a t  a  s t r e a m  t u b e  c o a x i a l  w i t h  t h e  c e n t e r l i n e  of t h e  

sampl ing n o z z l e  is removed from t h e  f l u i d  by t h e  sampl ing p r o c e s s .  The mass 

f l u x  i n  t h e  s t r e a m  t u b e  removed by t h e  sampling is t h e  same a s  t h e  mass f l u x  

in  t h e  sampling n o z z l e ,  Qs = Qn . I f  t h e  s t r e a m  v e l o c i t y ,  u  , is t h e  same 
S 



as t h e  v e l o c i t y  a t  t h e  sampl ing n o z z l e  e n t r a n c e ,  u  , t h e  sampl ing is c a l l e d  
n 

i s o k i n e t i c  and t h e  diameter  of t h e  s t r e a m  t u b e ,  d  , is t h e  same a s  t h e  d iamete r  
S 

of t h e  n o z z l e ,  dn . I n  g e n e r a l ,  s i n c e  Q = Qn 
S 

where hs is t h e  c r o s s - s e c t i o n a l  a r e a  of sampled s t r e a m  t u b e  and A is t h e  
n  

a r e a  of sampling nozz le  e n t r a n c e .  I n  t h i s  c a s e  t h e  s t r e a m l i n e s  a r e  u n d i s t o r t e d ,  

a s  no ted  i n  Fig .  11-4, and t h e  sampled c o n c e n t r a t i o n ,  
'n 

is t h e  same a s  t h e  

c o n c e n t r a t i o n  i n  t h e  f l u i d  s t r e a m ,  
Cs 

. I f  us < u , t h e  sampling is c a l l e d  
n  

s u p e r i s o k i n e t i c ,  ds > dn , and t h e  s t r e a m l i n e s  a r e  f o r c e d  t o  c u r v e  inward 

towards t h e  nozz le .  Because of i n e r t i a ,  some of t h e  p a r t i c l e s  a r e  n o t  a b l e  t o  

f o l l o w  t h e  s t r e a m l i n e s '  p a t h  and a r e  n o t  sampled. T h i s  case is i l l u s t r a t e d  

i n  F ig .  11-5. A s s o c i a t e d  w i t h  t h e  e r r o r ,  Cs > C , t h e r e  w i l l  a l s o  be  prnpor- 
n  

t i o n a l l y  fewer massive p a r t i c l e s  i n  t h e  sample than  t h e r e  a r e  i n  t h e  f l u i d  

s t ream.  That  is, t h e  sampled s i z e  d i s t r i b u t i o n  w i l l  be s h i f t e d  t o  t h e  l e f t ,  

a s  i l l u s t r a t e d  i n  P ig .  11-7. I f  u > u , t h e  sampl ing is c a l l e d  s u b i s o k i n e t i c ,  
s n 

d  < dn  , t h e  s t r e a m l i n e s  w i l l  be f o r c e d  t o  c u r v e  away from t h e  n o z z l e  and,  
S 

because of i n e r t i a ,  some of t h e  p a r t i c l e s  w i l l  n o t  be a b l e  t o  f o l l o w  t h e  stream- 

l i n e s  and w i l l  be  c a p t u r e d  by t h e  nozz le  a s  i l l u s t r a t e d  by F i g .  11-6. I n  t h i s  

c a s e ,  Cs < Cn , and t h e  p r o p o r t i o n  of massive p a r t i c l e s  i n  t h e  sample w i l l  

be g r e a t e r  t h a n  i n  t h e  f l u i d  s t ream.  The s i z e  d i s t r i b u t i o n  w i l l  be s h i f t e d  t o  

t h e  r i g h t  as i l l u s t r a t e d  i n  Fig .  11-7. 

I n  t h e  second c a s e ,  t h e  nozz le  is t u r n e d  a t  some a n g l e  e t o  t h e  f low 

p a t h  of t h e  f l u i d  s t r e a m l i n e  a s  shown i n  F ig .  11-8. The s t r e a m l i n e s  a r e  

f o r c e d  t o  c u r v e  towards t h e  nozz le  e n t r a n c e .  T h e r e f o r e ,  > C , and t h e  
Cs n 

p a r t i c l e  s i z e  d i s t r i b u t i o n  is s h i f t e d  t o  t h e  l e f t .  The g r e a t e r  t h e  a n g l e  $3 , 
t h e  g r e a t e r  t h e  e r r o r  i n  t h e  measured c o n c e n t r a t i o n  because  t h e  change i n  

t h e  v e l o c i t y  v e c t o r  becomes g r e a t e r .  

Three  approaches  have been used t o  d e r i v e  a n a l y t i c a l  e x p r e s s i o n s  f o r  

t h e  sampling p r o c e s s .  Most of t h e  s t u d i e s  d e a l t  w i t h  sampling a n i s o k i n e t i c a l l y ,  

wi th  t h e  sampling probe a l i g n e d  w i t h  t h e  f low and f a c i n g  Epstream. Except 







P a r t i c l e  P a t h  1 

Sampling suspended p a r t i c u l a t e s  when t h e  n o z z l e  is 
t u r n e d  a t  an  a n g l e  t o  t h e  f low.  

FIGURE 11-8 
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f o r  t h e  work oE t h e  F e d e r a l  I n t e r a g e n c y  Sed imenta t ion  P r o j e c t  i n  t h e  1 9 4 0 1 s ,  

t h e  work h a s  been done i n  t h e  a i r  p o l l u t i o n  f i e l d  ( a e r o s o l  sampl ing) .  

The f i r s t  a n a l y s i s  is s t r i c t l y  e m p i r i c a l .  The r e s u l t s  of e x p e r i m e n t s  

a r e  graphed a g a i n s t  s e v e r a l  d i m e n s i o n l e s s  v a r i a b l e s  and r e l a t i o n s h i p s  a r e  

f i t t e d  t o  t h e  d a t a  by r e g r e s s i o n  a n a l y s i s .  The r e s u l t s  by t h e  FIASP (1941) ,  

Se lden  ( 1 9 7 5 ) ,  and Zenker (1971) a r e  o E  t h i . s  type .  Using a second approach,  

V i t o l s  (1966) and Davies  (1968) c a l c u l a t e d  t h e  p o s i t i o n  of t h e  s t r e a m l i n e s  

of t h e  f l - u i d  and t h e  r e s u l t i n g  p a r t i c l e  t r a j e c t o r i e s .  From t h i s ,  t h e y  

d e r i v e d  an a n a l y t i c a l  s o l u t i o n  f o r  t h e  c o n c e n t r a t i o n  of t h e  sample.  Because 

o f  t h e  d i f f i c u l t i e s  of c a l c u l a t i n g  th ree -d imens iona l  s t r e a m l i n e  p a t t e r n s ,  t h i s  

method is of l i m i t e d  use .  The t h i r d  method was used by Watson (1954) and Lundgren 

and o t h e r s  (1970) .  Assumptions about  t h e  n a t u r e  of t h e  sampling mechanism a r e  made 

and an a n a l y t i c a l  e x p r e s s i o n  t o  e s t i m a t e  t h e  c o n c e n t r a t i o n  i n  t h e  sample 

is d e r i v e d .  T h i s  e x p r e s s i o n  is t h e n  f i t t e d  t o  e x p e r i m e n t a l  d a t a  by a r e g r e s -  

s i o n  a n a l y s i s  o r  by a d j u s t i n g  e m p i r i c a l  c o e f f i c i e n t s .  

The major problem wi th  a l l  t h e s e  methods is t h a t  t h e r e  is n o t  enough 

d a t a  a b o u t  t h e  sampling p r o c e s s  and a s s o c i a t e d  e r r o r s  t o  r e a l l y  f i t  o r  t e s t  

t h e  d e r i v e d  e q u a t i o n s .  I n  water-sediment sampl ing o n l v  t h e  F e d e r a l  I n t e r -  

agency P r o j e c t  (1941) h a s  done e x p e r i m e n t a l  work. The d a t a  used f o r  t h e  

p a p e r s  on a i r  p o l l u t i o n  sampling came mainly  from Badzioch ( 1 9 5 9 ) ,  Zenker 

(1971) and Hemeon and Haines  ( 1 9 5 4 ) .  I n  a d d i t i o n ,  as p o i n t e d  o u t  by 

Zenker ( 1 9 7 1 ) ,  f o r  a e r o s o l  s t u d i e s  t h e  e x p e r i m e n t a l  r e s u l t s  s u f f e r e d  

because  t h e  a c t u a l  c o n c e n t r a t i o n  i n  t h e  f l u i d - p a r t i c u l a t e  s t r e a m  a t  t h e  

p o i n t  be ing  sampled was never known w i t h  any c e r t a i n t y .  S i m p l i f y i n g  assump- 

t i o n s ,  f o r  example t h a t  t h e  d u s t  c o n t e n t  was c o n s t a n t  a c r o s s  t h e  f low c r o s s -  

s e c t i o n ,  had t o  be made,and a s  Zenker p o i n t s  o u t ,  t h i s  assumption can  no 

l o n g e r  be c o n s i d e r e d  v a l i d .  The F e d e r a l  I n t e r a g e n c y  Sed imenta t ion  P r o j e c t ,  

f o r  i n s t a n c e ,  assumed t h a t  t h e  r e f e r e n c e  sample t h a t  it c o l l e c t e d  w i t h  its 

s t a n d a r d  n o z z l e  was an a c c u r a t e  measure of t h e  c o n c e n t r a t i o n  i n  t h e  s t r e a m ,  

even though it had t o  assume t h a t  t h e  i s o k i n e t i c  t h e o r y  it was t e s t i n g  was 

c o r r e c t  i n  o r d e r  t o  make t h a t  assumption.  

I n  a e r o s o l  sampling s e v e r a l  d i m e n s i o n l e s s  pa ramete rs  a r e  used. The 

most common one i s  t h e  S t o k e s  Number o r  I n e r t i a l  Impact ion Parameter 

(Watson, 1954; V i t o l s ,  1966; Zenker,  1971; Lunclgren and o t h e r s ,  1978) .  The 



Stokes  number, S t  , is d e r i v e d  from S t o k e s '  Law f o r  d rag  on a  s p h e r i c a l  

p a r t i c l e  by i n s p e c t i o n a l  a n a l y s i s  (Schmel, 1967) and is 

where 
d50 

= median p a r t i c l e  s i z e  

P~ 
= p a r t i c l e  d e n s i t y  

u  = s t ream v e l o c i t y  
S 

!.I = dynamic v i s c o s i t y  of E lu id  

L = c h a r a c t e r i s t i c  l eng th  

= diamete r  of sampling o r  i f  i c e  (Watson, 1954; Zenker , 1971) 

o r  nozz le  r a d i u s  ( V i t o l s ,  1966) 

A s  Se lden  (1975, 1977 ) p o i n t s  o u t  t h e  S tokes  number could be der ive*  

from d imens iona l  a n a l y s i s  and c o n t a i n s  t h e  fo l l owing  d imens ion less  numbers: 

Re , pp/pf . The c o n s t a n t  1/18 i s  d e r i v e d  from S t o k e s '  Law. However, 

because t h e  assumption was made t h a t  S t o k e s '  Law was v a l i d ,  equa t i ons  

de r i ved  u s ing  t h e  S tokes  number a r e  o f t e n  v a l i d  on ly  f o r  sma l l  p a r t i c l e  

Reynolds numbers (Selden,  1975; Davies ,  1968 ) .  

Another parameter t h a t  ha s  been used i n  d e s c r i b i n g  a e r o s o l  sampling 

i s  t h e  r e l a x a t i o n  time of t h e  p a r t i c l e  (Davies ,  1968) 

where m = mass oE p a r t i c l e  

a  = p a r t i c l e  r a d i u s  

!.I = dynamic v i s c o s i t y  of f l u i d  

I f  it is assumed t h a t  S tokes '  Law is v a l i d ,  t h e  s t o p  d i s t a n c e  o f  a  p a r t i c l e  

can be d e f i n e d  (Davies ,  1968) a s  Ids = u  .r where Ls = s t o p  d i s t a n c e  and 
P  

11 = i n i t i a l  p a r t i c l e  v e l o c i t y .  The s t o p  d i s t a n c e ,  Ls , is the  d i s t a n c e  
P  

over which a  p a r t i c l e  p rope l l ed  a t  v e l o c i t y ,  u  , i n  a  c e r t a i n  d i r e c t i o n  
P 

w i l l  l o s e  a l l  motion i n  t h a t  d i r e c t i o n  i n  s t i l l  a i r .  It is a  u s e f u l  parameter  

f o r  i n d i c a t i n g  how q u i c k l y  a  p a r t i c l e  w i l l  make a  90 degree  t u r n .  

S e v e r a l  expe r imen t a l  s t u d i e s  have been conducted t o  de te rmine  t h e  

e r r o r s  caused by a n i s o k i n e t i c  sampling wi th  t h e  nozz le  po in ted  d i r e c t l y  



i n t o  t he  flow. The r e s u l t s  of t h e  s t u d i e s  by t h e  F e d e r a l  In te ragency  Sedi-  

menta t ion  P r o j e c t  (1941) us ing q u a r t z  sand in  water  a r e  shown i n  F ig s .  11-9 and 

11-10, Exper imental  s t u d i e s  us ing  p a r t i c u l a t e s  i n  a i r  suppo r t  t h e  g e n e r a l  form 

of t h e  r e s u l t s  ob ta ined  by t h e  FIASP (Watson, 1954; V i t o l s ,  1966; Schmel, 1967; 

Davies ,  1968; Raynor, 1970; Zenker, 1971) .  

These s t u d i e s  show, a s  p r e d i c t e d  by t h e  theory  of i s o k i n e t i c  sampling,  

t h a t  t h e  c o n c e n t r a t i o n s  ob ta ined  by s u p e r - i s o k i n e t i c  sampling are less 

than t h e  c o n c e n t r a t i o n  i n  t h e  f l u i d ,  whi le  those  ob ta ined  by s u b i s o k i n e t i c  

sampling a r e  g r e a t e r  than t h e  c o n c e n t r a t i o n  i n  t h e  f l u i d .  These s t u d i e s  

a l s o  show, i n  g e n e r a l ,  t h a t  t h e  e r r o r s  i n  measuring p a r t i c u l a t e  concen t ra -  

t i o n  by an i sok i .ne t ic  sampling d e c r e a s e  a s  t h e  p a r t i c l e  s i z e  dec r ea se s .  

However, t h e s e  s t u d i e s  cannot  be d i r e c t l y  compared because t h e  shape ,  s i z e ,  

and mounting of t h e  sampling nozz le  a f f e c t s  t h e  p a t h s  of t h e  s t r e a m l i n e s  of 

t h e  f l u i d  f lowing p a s t  t h e  nozz le .  Consequent ly ,  t h e  laws of s i m i l a r i t y  

a r e  of no use (Raynor, 1970; Zenker, 1971) .  

When t h e  sampling nozz le  is tu rned  a t  an ang l e ,  t h e  sampling p r o c e s s  

changes ,  e s p e c i a l l y  i f  t he  nozz le  is r o t a t e d  p a s t  r i g h t  ang l e s  t o  t h e  flow. 

Then t u rbu l ence ,  wake, and o the r  e f f e c t s  become impor tan t .  Watson (1954) 

p r e sen t ed  unpubl ished r e s u l t s  of t h e  two o the r  r e s e a r c h e r s ,  Maynard and 

Langs t ro th ,  who used d i e t h y l  p h t h a l a t e  a e r o s o l s  i n  an exper iment  t o  determine 

how t h e  sampling e f f i c i e n c y  is a f f e c t e d  by t h e  ang l e  between t he  nozz le  

and t h e  flow. The i r  r e s u l t s  a r e  shown i n  Fig .  11-11. 

Using ragweed p o l l e n  and a  f i l t e r  ho lde r  3.3 c m  (1 .3  in . )  i n  diameter  

and 2.5 cm (1 in . )  t a l l ,  Raynor (1970) t e s t e d  t he  sampling e f f i c i e n c y  of 

t h e  nozz le  a t  s e v e r a l  wind speeds  and i n t ake  r a t e s  f o r  ang l e s  between 60 

and 120 degrees .  The r e s u l t s  a r e  p r e sen t ed  i n  F ig s .  11-12 and 11-13. The 
0 .  

i n c r e a s e  i n  e f f i c i e n c y  a s  t h e  ang l e  is increased  p a s t  90 r s  a t t r i b u t e d  

by Raynor t o  t h e  t u r b u l e n t  wake moving p a r t i c l e s  a g a i n s t  t h e  g e n e r a l  wind 

speed d i r e c t i o n  i n t o  t h e  nozz le .  T h i s  e f f e c t  is dependent  upon windspeed. 

A t  h i ghe r  windspeeds, t he  e f f i c i e n c y  con t i nues  t o  drop  u n t i l  t h e  ang le  r e aches  

120°. 

The r e s u l t s  of FIASP (1941) us ing  q u a r t z  sand i n  water is shown i n  

F igs .  11-14 through 11-16. The s t u d y  used a  sharp-edged nozz le  

0.63 c m  (0.25 i n . )  i n  d iamete r  t o  sample t h e  q u a r t z  sand from a  



Intake veloci ty  - u n  - - 
Stream Velocity us  

Measured re la t ionship between concentration r a t i o  Cn/Cs and veloci ty  

r a t i o  u n  / u s .  ( a f t e r  PIASP,  1 9 4 1 )  

F I G U R E  11-9  



Sampl ing  Rates 

@ 0.25 x i s o k i n e t i c  

A 0.50 x i s o k i n e t i c  

0 .01  0.02 0.04 0.06 0.1. 0 .2  0.3 0.4 0.5 

Sand S i z e  i n  Millimeters 

R e l a t i o n  of q u a r t z  s a n d  s i z e  t o  e r r o r s  i n  m e a s u r i n g  
c o n c e n t r a t i o n  of s a n d  i n  w a t e r .  ( a f t e r  FIASP, 1941)  

FIGURE 11-10 

R e l a t i o n  of a n g l e  be tween  s a m p l i n g  n o z z l e  and wind d i r e c -  
t i o n  t o  e r r o r s  i n  m e a s u r i n g  a e r o s o l s  i n  a i r .  4 ,  1 2 ,  37 u m  
d i e t h y l  p h t h a l a t e  c l o u d s ,  and 4 urn and 32 urn s p o r e s  used .  
( a f t e r  Watson,  1954)  

FIGURE 11-1 



Angle between sampling nozzle and wind d i r e c t i o n  

Sampling e r r o r  fo r  a  20 ,$n-diarneter p a r t i c l e  a s  a  funct ion of 
wind speed and angle a t  t h ree  in take  v e l o c i t i e s .  ( a f t e r  
Raynor, 1970)  

FIGURE 11-12 
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Angle between sampling nozz le  and wind 
d i r e c t i o n ,  deg ree s  

Sampling e r r o r  f o r  6- and 0.68- pm- diameter  
p a r t i c l e s  a s  a f u n c t i o n  of wind speed and 
nozz le  ang le .  Nozzle v e l o c i t y  is 74.7 cm/s. 
( a f t e r  Raynor, 1970) 



I n t a k e  V e l o c i t y  = un  - 
Stream V e l o c i t y  u 

S 

E f f e c t  o f  sampl ing ra te  and sediment  s i z e  on e r r o r s  i n  sediment  
c o n c e n t r a t i o n  wi th  s t a n d a r d  n o z z l e  i n  v e r t i c a l  p o s i t i o n  ( a f t e r  
FISP, 1 9 4 1 ) .  

FIGURE 11 -14  



E f f e c t  of stream v e l o c i t y  on e r r o r s  in  sediment concentrat ion 
w i t h  s tandard nozzle i n  v e r t i c a l  pos i t ion .  ( a f t e r  FIASP, 1941 )  

FIGURE 11-15 
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25.4 x 25.4 cm (10x10 in.) square duct. As in the air pollution work, 

their results show that the sampling efficiency, defined as the ratio 

Cn/Cs , decreases as the angle between the nozzle and the flow direction 
increases. In addition, both the stream velocity and the nozzle size 

affected the results. This is shown in Figs. 11-15 and 11-16. 

In summary, experimental work has shown that sampling efficiency, 

defined as Cn/Cs , is affected by the following parameters: the ratio 

between the velocity in the nozzle and the velocity in the stream, the 

angle between the axis of the nozzle and flow direction, the size (or 

mass) of the particle, the magnitude of the stream velocity, the size 

of the nozzle opening and the shape of the nozzle. 

Two researchers developed equations for computing the sampling effi- 

ciency of a nozzle turned at an angle to the flow. Raynor (1970) extended 

an equation developed by Badzioch (1959) to estimate the sampling efficiency 
0 of a nozzle at 0 to the flow by adding a term to invert the velocity ratio 

between 0 and 90° . The equation derived was 

'n 
u sin 8 + u 
n s Cosy +.-a 

i=a(u cos e + u s  sine (9) 
s n 

where a is a parameter related to particle stop distance. As Raynor (1970) 

and Lundgren and others (1978) point out, the equation has the property of 

becoming unity at 8 = 45' no matter what the velocity ratio is. Raynor 

tested his model by comparing it with data collected using corn smut spores 
0 

in air at angles of 60 to 90 . He found that the model consistently over- 

predicted the sampling efficiency particularly when the experimental values 

were low. 

Lundgren and others (1978) considered Raynor's equation to be seriously 

flawed because it gives a value of unity at 45O. The critics claim that 

this does not represent physical reality since the sampling efficiency is 
0 

always less than or equal to one at 45 . They propose an equation based 

upon some experimental work and assumptions about the sampling process. 

The equation is 

C u 
n - = I+@ ( cos e - 1) 
Cs n 



where a is a  f u n c t i o n  of t h e  S t o k e s  number and t h e  v e l o c i t y  r a t i o  

' s lUn 
. Although c rushed  gypsum rock i n  an a i r  s t r e a m  was sampled a t  v a r i o u s  

a n g l e s  t o  t h e  f l o w ,  d a t a  were n o t  p r e s e n t e d  t o  v e r i f y  t h e  d e r i v e d  e q u a t i o n .  

A s  i n  t h e  c a s e  of Raynor ' s  e q u a t i o n ,  t h i s  e q u a t i o n  a p p l i e s  o n l y  f o r  a n g l e s  Of 
0 

0 t o  90 between t h e  n o z z l e  a x i s  and t h e  f low.  

T h i s  e q u a t i o n  can  be t r ans formed  i n t o  one o f  two l i n e a r  e q u a t i o n s  of 

t h e  form Y=MX+B: 

E i t h e r  8 o r  us/un can  be t h e  independent  v a r i a b l e  i n  t h e  f i r s t  e q u a t i o n  

and is t h e  independent  v a r i a b l e  i n  t h e  second e q u a t i o n .  Both e q u a t i o n s  

have t h e  p r o p e r t y  t h a t  C,,/Cs = 2. when us/un = l/cos 0 . 



111. EXPERIMENTAL EQUIPMENT 

Flume A. - 
To i n v e s t i g a t e  t h e  e f f e c t s  of sampler nozz le  o r i e n t a t i o n  0x1 sampl ing 

e f f i c i e n c y ,  exper iments  were performed i n  a g l a s s - w a l l e d  flume a t  t h e  

S t .  Anthony P a l l s  Hydrau l ic  Laboratory .  Samples were s iphoned i n t o  

p l a s t i c  p a i l s  from t h e  f low i n  t h e  flume u s i n g  one o f  two sampling 

n o z z l e s  mounted on an a d j u s t a b l e  s u p p o r t .  The v o l u m e t r i c  f low r a t e  of 

t h e  r e c i r c u l a t e d  water  i n  t h e  flume was measured by an o r i f i c e  i n  t h e  

r e t u r n  p i p i n g  connected t o  a mercury manometer. V e l o c i t y  p r o f i l e s  i n  

t h e  flume were measured w i t h  a  mic ro-prope l le r .  Dye, i n j e c t e d  i n t o  t h e  

water  wi th  hand-held o r  mounted n e e d l e s ,  was used t o  v i s u a l i z e  f low 

p a t t e r n s .  F i g u r e  111-1 is a  schemat ic  of t h e  e x p e r i m e n t a l  appara tus .  

The flume used was 0.156 m (6.125 i n . )  wide,  0.381 m (15.00 i n . )  

deep ,  and 12.57 m (41.25 f t )  long.  A J a e q e r  P692 C pump, used t o  r e c i r -  

c u l a t e  t h e  water and suspended sed iment ,  had a  maximum d i s c h a r g e  of 17.6 

Q/sec  (0.62 c f s ) .  An o r i f i c e  i n  t h e  r e t u r n  p i p i n g  and a  mercury manometer 

were used t o  measure t h e  v o l u m e t r i c  f low r a t e .  Because it was n o t  p o s s i b l e  

t o  c a l i b r a t e  t h e  o r i f i c e  through t h e  d i r e c t  measurement of d i s c h a r g e ,  c a l -  

c u l a t e d  v a l u e s  of d i s c h a r g e  v e r s u s  manometer d e f l e c t i o n  were used. The 

maximum e s t i m a t e d  e r r o r  from t h i s  method of c a l i b r a t i n g  t h e  o r i f i c e  is 

one p e r c e n t .  The r a t e  of v o l u m e t r i c  f low was set by a  g a t e  va lve  l o c a t e d  

j u s t  downstream of t h e  pump on t h e  r e t u r n  p i p i n g .  Turning vanes  i n s t a l l e d  

a t  t h e  e n t r a n c e  (ups t ream end)  t o  t h e  flume reduced head l o s s e s  a t  t h e  

e n t r a n c e .  A s h e e t  met61 c u r v e  p laced  a t  t h e  e x i t  (downstream end) of 

t h e  flume e l i m i n a t e d  a i r  e n t r a i n m e n t  a t  t h e  e x i t .  

A b a f f l e  s c r e e n  made from c o a r s e  w i r e  mesh was p laced  a g a i n s t  t h e  

t u r n i n g  vanes  a t  t h e  flume e n t r a n c e  t o  reduce t u r b u l e n c e  a t  t h e  e n t r a n c e  
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and t o  e l i m i n a t e  waves i n  t h e  f lume.  The b a f f l e  s c r e e n  had been  made by  

c o r r u g a t i n g  and t h e n  s o l d e r i n g  t h e  wire mesh t o g e t h e r .  I t  was 0.156 m 

(6.125 i n . )  w ide ,  0.38 m (15.0 i n . )  d e e p  and 0.30 m (12.0 i n . )  l ong .  An 

u n d u l a r  h y d r a u l i c  jump o c c u r r e d  0.15 m (6 .0  i n . )  downst ream of t h e  b a f f l e  

s c r e e n .  

Two s a m p l i n g  l o c a t i o n s  were used  i n  t h e  f lume.  A f t e r  a s e r i e s  o f  

p r e l i m i n a r y  e x p e r i m e n t s  (see S e c t i o n  I V ) .  t h e  p r i m a r y  s a m p l i n g  l o c a t i o n  

was s e l e c t e d  1.37 m (4 .5  f t )  downst ream from t h e  e n t r a n c e  t o  t h e  f lume.  

A second  sampl ing  l o c a t i o n  was a l s o  u sed  8 . 6 1  m (28.25 f t )  downst ream 

from t h e  e n t r a n c e  t o  t h e  f l ume  and  3.96 m (13.0 f t )  u p s t r e a m  f rom t h e  

e x i t  o f  t h e  f lume.  Flow v i s u a l i z a t i o n  s t u d i e s  were  c o n d u c t e d  0.76 m 

( 2 . 5  f t )  downst ream f rom t h e  s econd  s a m p l i n g  l o c a t i o n .  

B. Sampl ing  Equipment  

Two n o z z l e s  were used  i n  t h e  s ampl ing  s t u d i e s .  The one  used  f o r  

most of  t h e  s t u d i e s  i s  a s t a n d a r d  n o z z l e ,  i l l u s t r a t e d  i n  F i g .  111-2,  u s e d  

by t h e  F e d e r a l  I n t e r a g e n c y  S e d i m e n t a t i o n  P r o j e c t  (FIASP) f o r  t h e  DH-59 

and DFI-76 suspended  s e d i m e n t  s a m p l e r s .  The second  n o z z l e  u sed  was a b r a s s  

t u b e  0.260 m (10 .25  i n . )  l o n g  mounted on a r o d  t h a t  c o u l d  be i n s e r t e d  i n  

a p o i n t  gage .  The s e c o n d  n o z z l e  is i l l u s t r a t e d  i n  F i g .  111-3. Bo th  

n o z z l e s  h a v e  i n s i d e  d i a m e t e r s  o f  0.64 cm (0 .25  i n . ) .  

The a d j u s t a b l e  h o l d e r  i n  which t h e  s t a n d a r d  n o z z l e  was mounted was 

c o n s t r u c t e d  s o  t h a t  t h e  mouth o f  t h e  n o z z l e  remained  a t  t h e  same l o c a t i o n  

i n  t h e  f l ume  w h i l e  t h e  n o z z l e  was moved t h r o u g h  a complete c i r c l e  a round  

a  h o r i z o n t a l  a x i s .  The h o l d e r  c o u l d  a l s o  be a d j u s t e d  so any  e l e v a t i o n  

i n  t h e  f l ume  c o u l d  b e  s ampled .  The s u p p o r t  h e l d  t h e  n o z z l e  i n  t h e  c e n t e r  

o f  t h e  f l ume  and  p a r a l l e l  t o  its s i d e s .  'The n o z z l e  and h o l d e r  a r e  shown 

i n  F i g .  111-4. 
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NOZZLE AND NOZZLE HOLDER ASSEMBLY 

FIGURE 111-4 



Reference  l i n e s  marked on t h e  s i d e  o f  t h e  flume were used  t o  se t  t h e  

s t a n d a r d  n o z z l e  a t  t h e  d e s c r i b e d  a n g l e  t o  t h e  flow. A s  shown i n  F i g .  1-2, 

sampl ing was done w i t h  t h e  n o z z l e  set a t  one of e i g h t  a n g l e s ,  0 ,  4 5 ,  90,  

135,  180, 225, 270, or 315 d e g r e e s  measured from t h e  d i r e c t i o n  o f  t h e  

f low.  The n o z z l e  was v i s u a l l y  a l i g n e d  w i t h  t h e  r e f e r e n c e  marks and t h e n  

f i x e d  i n t o  p l a c e  w i t h  c lamps on t h e  n o z z l e  s u p p o r t .  

The second n o z z l e  was mounted on a  p o i n t  gage on t h e  c e n t e r l i n e  o f  

t h e  f lume. I t  was a d j u s t e d  by e y e  so t h a t  i t  was p a r a l l e l  to t h e  s i d e s  of 

t h e  f lume f a c i n g  e i t h e r  ups t ream or downstream. The e l e v a t i o n  of t h e  

n o z z l e  i n  t h e  f low was s e t  w i t h  t h e  p o i n t  gage.  

C. Siphon 

The samples  o f  sed iment  and w a t e r  were removed from t h e  flume th rough  

a  s iphon .  S e v e r a l  s i z e s  o f  clear p o l y e t h e l e n e  t u b i n g  were used  a s  a s iphon .  

The s i z e  o f  t h e  t u b i n g  was s e l e c t e d  so t h a t  t h e  s m a l l e s t  t u b i n g  p o s s i b l e ,  

th rough  which t h e  d e s i r e d  i n t a k e  rates c o u l d  be  ach ieved ,  was used .  T h i s  

p r e v e n t e d  sediment  from d e p o s i t i n g  i n  low s p o t s  o f  t h e  t u b i n g  by keeping 

t h e  v e l o c i t i e s  h i g h  enough to f l u s h  t h e  t u b i n g .  Smal l  c lamps were used 

t o  f i x  t h e  t u b i n g  o n t o  c o n n e c t i o n s  t o  p r e v e n t  l e a k s .  

Normally, the t u b i n g  was a t t a c h e d  a t  t h e  r e a r  o f  t h e  n o z z l e ,  a s  shown 

i n  F i g .  111-5. However, it was n o t  p o s s i b l e  t o  sample w i t h  t h e  n o z z l e  

set a t  90° w i t h  t h i s  c o n f i g u r a t i o n  because  t h e  c o n n e c t i o n  f o r  t h e  t u b i n g  

s t r u c k  t h e  bottom o f  t h e  f lume b e f o r e  t h e  h o l d e r  was i n  p o s i t i o n .  I n  

t h i s  c a s e  t h e  t u b i n g  c o n n e c t i o n  a t  t h e  r e a r  o f  t h e  n o z z l e  h o l d e r  and a  

p l u g  i n  t h e  s i d e  o f  t h e  n o z z l e  h o l d e r  were i n t e r c h a n g e d  and t h e  t u b i n g  

was a t t a c h e d  t o  t h e  s i d e  o f  t h e  h o l d e r .  T h i s  is shown a s  t h e  "Secondary 

C o n f i g u r a t i o n "  i n  F i g .  111-5. 

The s i p h o n  passed  th rough  two p i n c h  c lamps mounted on t h e  s i d e  o f  

t h e  f lume. The f i r s t  p i n c h  c lamp was used  to s e t  t h e  s i p h o n  r a t e  by 

squeez ing  t h e  s iphon.  The p i n c h  c lamp was made from a  wooden block s o  

t h a t  t h e  s i p h o n  t u b i n g  would n o t  become permanen t ly  c r e a s e d .  The second 

p i n c h  clamp was a  qu ick  r e l e a s e  t y p e  used  t o  s t a r t  and s t o p  t h e  s iphon .  

When more t h a n  one i n t a k e  r a t e  was needed ,  t w o  s i p h o n s  were used ,  each 

p a s s i n g  th rough  i t s  own s e t  o f  p i n c h  c lamps.  The s i p h o n  s e t u p  i s  shown 

i n  Fig .  111-6. 
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SIPHON ASSEMBLY SHOWN MOUNTED ON A S E C T I O N  OF THE FLUME 

FIGURE 1 1 1 - 6  



D. Observa t ion  and Measuring Equipment 

The m a j o r i t y  o f  t h e  f low v i s u a l i z a t i o n  s t u d i e s  were conduc ted  w i th  

a dye  i n j e c t i o n  need l e  manufactured o u t  o f  b r a s s  and s t a i n l e s s  s t e e l  

t ub ing  mounted on a p o i n t  gage.  The d imens ions  of t h e  dye i n j e c t i o n  n e e d l e  

v a r i e d  a s  t h e  requ i rements  o f  t h e  dye  s t u d i e s  changed. When t h e  dye  t r a c e s  

were manually recorded ,  a v e r y  f i n e  n e e d l e  was used t h a t  e j e c t e d  o n l y  a 

ve ry  t h i n  s t r e amer  o f  dye.  T h i s  t h i n  s t r e amer  o f  dye d i d  n o t  pho tograph  

w e l l ;  and t h e r e f o r e ,  a much l a r g e r  d i ame te r  dye i n j e c t i o n  n e e d l e  was 

used when t h e  dye t r a c e r s  were pho tog raph i ca l l y  recorded.  

The p o i n t  gage ho ld ing  t h e  dye  i n j e c t i o n  need le  was mounted on a p l a t -  

form t h a t  cou ld  be moved a long  t h e  t o p  o f  t h e  flume. The p o s i t i o n  o f  t h e  

need l e  a c r o s s  t h e  flume was de t e rmined  by a s t e e l  r u l e  clamped t o  t h e  

p l a t fo rm  and a p o i n t e r  f i x e d  to t h e  p o i n t  gage.  A r e s e r v o i r  mounted 0 .6  m 

( 2  f t )  above t h e  p l a t fo rm  s u p p l i e d  dye  t o  t h e  dye i n j e c t i o n  n e e d l e s .  Dye 

flow was c o n t r o l l e d  by a p inch  c lamp on t h e  t ub ing  between t h e  r e s e r v o i r  

and t h e  dye i n j e c t i o n  need l e .  To s t u d y  f low p a t t e r n s  a t  t h e  n o z z l e  s u r f a c e  

a dye i n j e c t i o n  need le  was made by s o l d e r i n g  a f i n e  s t a i n l e s s  s t e e l  t u b e  

to a hypodermic needle .  The o u t s i d e  d i ame te r  o f  t h e  tube was 0.808 mm 

(0.0318 i n . )  and t h e  i n s i d e  d i a m e t e r  was 0.493 mrn (0.0194 i n . ) .  I t s  

t o t a l  l e n g t h  was 0 .301  m (15.0 i n . ) .  

The dye used f o r  t h e  expe r imen t s  was Red Dye No.  2 i n  a n  a l c o h o l  

base .  I t  was d i l u t e d  wi th  wate r  t o  p roduce  dye s t r e a k s  o f  v a r y i n g  i n t e n -  

s i t y .  

A micro-prope l le r  v e l o c i t y  mete r  manufactured by t h e  D e l f t  Hydrau l ic  

Labora tory ,  D e l f t ,  The Ne the r l ands ,  was used t o  measure t h e  v e l o c i t y  pro- 

f i l e s  a t  t h e  sampling l o c a t i o n s .  The p r o p e l l e r  ha s  a s t a r t - u p  v e l o c i t y  

o f  1 t o  2 cm/sec (0.03 t o  0.06 f p s )  and a v e l o c i t y  range from 2 t o  122 

cm/sec (0.06 t o  4.00 f p s ) .  The v e l o c i t y  mete r  is ve ry  r e s p o n s i v e  to  

changes  i n  v e l o c i t y ,  making i t  u s e f u l  t o  de t e rmine  l e v e l s  o f  t u r b u l e n c e  

i n  t h e  flume. 



E. Sediment 

The sediment used in the experiments was commercially graded quartz 

sand from the Agsco Corp., Des Plaines, Illinois. Three sizes of quartz 

sand were used; #3/0 Inspected, dS0 = 0.06 mm; #2/0, dSO=O.ll mm; and #I, 

d 4.20 mm. The size distributions which were determined, using a 
5 0 

visual accumulation tube, by personnel of the Federal Interagency Sedimen- 

tation project are presented in Fig. 111-7. The fall velocities for 

the sand are: d53 
= 0.06 mm, 0.26 cm/sec; d =- 0.11 mm, 0.88 cm/sec; 

5 0 
d = 0.20 mm, 2.0 cm/sec; respectively. The fall velocities 
5 0 

were computed using a specific gravity of 2.65, a water temperature of 
0 10 C, and assuming that the individual sand grains were spheres. The dS0 

for each size sant! was assumed to be the diameter of the sphere. The 

procedures used to calculate the fall velocity are given in the Sedimen- 

tationEngineering Handbook, American Society of Civil Engineers, 1975. 

Grains of sand from each size used were examined under a stereoscopic 

microscope to determine the actual shape of the sand grains. Instead 

of being spherical, the sand grains are very irregular in shape. Some 

are flat disks; others are tetrahedronal or rhomboidal. Because of 

the low Reyriolds numbers encountered in tht experiments, less than 100, 

and the small size of the sand grains, it is felt that they can be rea- 

sonably approximated as spheres with negligible error. 



S i z e  d i s t r i b u t i o n  of q u a r t z  sand used i n  t h e  s tudy  

FIGURE 111-7 



IV. EXPERIMENTAL PROCEDURES 

A. Flume Preparation 

Two types of studies were conducted: a suspended sediment concen- 

tration sampling study and a flow visualization study. The concentra- 

tion sampling study consisted of experiments in which samples were with- 

drawn from the flume to study the effects of nozzle orientation on 

sampled concentration accuracy. The purpose of the flow visualization 

study was to determine the flow patterns around the nozzle for various 

nozzle orientations and withdrawal conditions. 

The preparation of the flume was the same for both types of studies. 

The flume and the return piping were first thoroughly flushed to remove 

any sediment or scale from a previous experimental run. After t.he flume 

was flushed, it was filled using the fill hose connected to the City of 

Minneapolis water supply until the water depth was above the depth re- 

quired for the experiments. The pump was turned on briefly to circulate 

the water through the return piping and to remove any air from the system. 

Trapped air in the return piping caused errors when the depth, and thus 

the volume, of water in the system was set. The pump was then turned 

off and the water surface allowed to become still. Using a calibration 

curve between depth of water in the flume and total. volume of water in 

the system, the volume of water in the system was set by draining water 

out of the flume through a drain hose on the return piping. A point 

gage located 1.85 m (6 ft) upstream from the flume exit was used to set 

the water depth to the nearest 0.001 ft. This point gage was used 

exclusively for setting the initial water depth in the flume because 

the flume bottom was not quite level and, if the water depth was set 

anywhere else in the flume, errors were introduced into the initial 

volume of water. For all of the sampling experiments, the initial 

volume was 414 Q (14.6 cf) and the initial depth was 0.1707 m (0.560 ft). 

For flow visualization studies the initial depth varied depending upon 

the flow rates and flow conditions desired for the study. 



The pump was then  turned on and t h e  g a t e  va lve  downstream of t h e  

pump was s lowly  opened u n t i l  t h e  d e s i r e d  f low r a t e  was approximately  

achieved.  The manometer l i n e s  were b l e d  of a i r ,  and t h e  f low ra te  se t  

p r e c i s e l y  us ing  t h e  manometer and t h e  o r i f i c e  i n  t he  r e t u r n  p ip ing .  The 

flow r a t e  used i n  a11 of t h e  sampling exper iments  was 16.71 R/sec (0.590 
3 

f t  / s ) .  The f low r a t e  f o r  t h e  f low v i s u a l i z a t i o n  s t u d i e s  v a r i e d  depending 

upon t h e  phenomena s t u d i e d .  

B. Sample C o l l e c t i o n  

The r equ i r ed  flow r a t e  through t h e  s iphon  was c a l c u l a t e d  by u s i n g  t h e  

fo l lowing  formu1.a: 

where Q = vo lume t r i c  f low r a t e  through t h e  nozz le  
n  

a  = i s o k i n e t i c  p r o p o r t i o n a l i t y  f a c t o r .  a = 1 f o r  i s o k i n e t i c  
sampling,  a  = 2 f o r  twice  i s o k i n e t i c  sampling 

u  = v e l o c i t y  i n  t h e  flume a t  t h e  sampling p o i n t  
S 

vd n  
An = a r e a  of nozz le  e n t r a n c e  A = - . 

4 
, d  is t he  i n s i d e  

n  n  
d iamete r  o f  t h e  nozz l e  mouth. 

For t h e  m a j o r i t y  of t he  exper iments ,  t h e  vel .oci ty  i n  t h e  flume was ca l cu -  

l a t e d  from t h e  average vo lume t r i c  f low r a t e  d iv ided  by t h e  c r o s s - s e c t i o n a l  

a r e a  of t h e  flow. Th i s  gave t he  average v e l o c i t y  a c r o s s  t he  flume. La t e r  

v e l o c i t y  measurements showed t h a t  a t  t h e  dep th  sampled, t h i s  gave a  ve l -  

o c i t y  about  10 pe r cen t  lower than  t h e  a c t u a l  v e l o c i t y  a t  t h e  sampling 

p o i n t .  

A s  t h e  water  was removed froin t h e  flume, t h e  v e l o c i t y  a t  t h e  sampling 

p o i n t  inc reased  because t h e  dep th ,  and t h u s  t h e  c r o s s - s e c t i o n a l  a r e a ,  of 

t h e  f low decreased .  'The v e l o c i t y  used t o  c a l c u l a t e  t h e  i n t a k e  r a t e  of 

t h e  nozz le  was t h e  average of s e v e r a l  mean v e l o c i t i e s  (Q/A) computed 

from t h e  dec r ea s ing  water d e p t h s  over t h e  cou r se  of a  run.  Th i s  average  

was a d j u s t e d  s l i g h t l y  from time t o  t ime a s  more d a t a  became a v a i l a b l e  from 

succeeding runs  t o  produce a  b e t t e r  average v e l o c i t y .  



Once t h e  v o l u m e t r i c  f low r a t e  through t h e  n o z z l e  was c a l c u l a t e d  i n  

l i t e r s  per  second ,  it was i n v e r t e d  t o  g i v e  t h e  t ime r e q u i r e d  a t  t h a t  f low 

r a t e  t o  f i l l  a one l i t e r  v o l u m e t r i c  beaker ,  i n  seconds  per  l i t e r .  To set  

t h e  i n t a k e  r a t e  through t h e  n o z z l e ,  t h e  v o l u m e t r i c  beaker  was set under 

t h e  s iphon  t u b i n g  and t h e  t ime t o  f i l l  t h e  beaker  timed t o  t h e  n e a r e s t  

two t e n t h s  of a second wi th  a s t o p  watch. The a d j u s t a b l e  pinch clamp 

on the  s iphon  was t i g h t e n e d  o r  loosened u n t i l  t h e  d e s i r e d  f i l l i n g  t ime  

was achieved.  The e l e v a t i o n  of t h e  f r e e  end of t h e  s iphon  tube above 

t h e  f l o o r  was n o t  changed d u r i n g  t h e  c a l i b r a t i o n  p r o c e s s  o r  a f t e r w a r d s  

t o  p r e v e n t  t h e  s iphon  r a t e  from changing.  The nozz le  a c t e d  l i k e  a p i t o t  

tube  i n  t h a t  t h e  s iphon  rate was s e n s i t i v e  t o  t h e  s t a g n a t i o n  p r e s s u r e  of 

t h e  f low a t  t h e  mouth o f  t h e  n o z z l e .  T h e r e f o r e ,  t h e  s iphon  r a t e  was a lways 

set  wi th  t h e  n o z z l e  p o i n t i n g  upst ream i n t o  t h e  flow. 

A f t e r  t h e  s iphon  r a t e  had been a d j u s t e d  and t h e  volume of water  and 

t h e  v e l o c i t y  i n  t h e  flume s e t ,  t h e  sand was added t o  t h e  flume. A 

t h e o r e t i c a l  c o n c e n t r a t i o n  of 1.0 g/L was produced by adding 414 grams 

of sand t o  t h e  flume. The sand was weighed on a two pan ba lance ,  

a c c u r a t e  t o  + I gram. The sand was poured s l o w l y  i n t o  t h e  flume t o  

e v e n l y  d i s p e r s e  t h e  sand i n  t h e  flow. The water  t empera tu re  and t h e  

d e p t h  of water a t  t h e  sampling l o c a t i o n  were measured and t h e  f i r s t  sample 

c o u l d  be t a k e n .  

Two d i f f e r e n t  t y p e s  o f  samples were t a k e n  f o r  each  e x p e r i m e n t a l  

run.  The f i r s t  t y p e ,  c a l l e d  t h e  r e f e r e n c e  sample ,  was t aken  t o  d e t e r -  

mine t h e  c o n c e n t r a t i o n  of suspended sediment  i n  t h e  f low. The second 

type ,  c a l l e d  t h e  t e s t  sample,  was t aken  w i t h  t h e  nozz le  a t  one end of 

t h e  e i g h t  a n g l e s  t o  t h e  f low a s  shown i n  F i g .  1-2. The r e f e r e n c e  

sample was t a k e n  under i s o k i n e t i c  c o n d i t i o n s  wi th  t h e  nozz le  i n  t h e  z e r o  

degree  p o s i t i o n ,  t h a t  is,  p o i n t i n g  d i r e c t l y  i n t o  t h e  flow. I t  was 

assuiiied, f o r  l a c k  of b e t t e r  means t o  de te rmine  c o n c e n t r a t i o n  of suspended 

sediment  i n  t h e  f l o w ,  t h a t  t h e  c o n c e n t r a t i o n  determined by t h e  r e f e r e n c e  

sample was t h e  c o n c e n t r a t i o n  i n  t h e  f low a t  t h a t  p a r t i c u l a r  l o c a t i o n  and 

t ime. The comparison between t h e  c o n c e n t r a t i o n s  determined by t h e  test  

sample and t h e  r e f e r e n c e  sample was t h e  p r imary  o b j e c t i v e  of most of t h i s  

sampling program. 



Before each sample was taken, the water temperature and water depth 

were measured. These measurements were later used to calculate the Froude 

and Reynolds numbers. The first portion of each sample was wasted to 

flush the siphon free of any sediment left over from the previous sample 

and to establish in the siphon the concentration existing in the flume at 

that time. Elormally the sample was wasted 20 seconds for isokinetic 

samples and 10 scconds for twice isokinetic samples. Therefore, the total 

amount of water wasted remained constant for each sample taken. From 

flow visualization studies it was determined that the water in the siphon 

tubing changed completely in less than five seconds. For most experimental 

runs, five samples were taken. The total length of time to collect each 

sample varied with the experiment. 

Preliminary experiments had indicated that a sample collected over 

a four minute period would give a measured concentration within 2 5 per cent 
of the actual concentration in the flume. Also, it was determined that 

only 25 to 30 liters of water could be removed from the flume before the 

loss of water changed flow conditions so much as to make further sampling 

undesirable. Consequently, it was determined that five samples of about 

5.5 liters a piece would be the maximum amount that could be reasonably 

sampled during one experimental run. At the upstream location, the sampling 

time for isokinetic samples was five minutes, for twice isokinetic samples, 

2.5 minutes. At the downstream location and for some other experiments, 

the times were shorter. 

In each sampling run three reference samples and two test samples 

were taken. The order in which the samples were taken was as follows: 

reference sample, test sample, reference sample, test sample, reference 

sample. The two test samples in each run may have been taken with the 

nozzle set at the same angle or two different angles. For each sample, 

2 one gallon plastic pails were used, with the sample split between the 

pails. The pails were exchanged while the sample was being taken by 

placing the second pail under the siphon before removing the first pail. 

After each sample was taken, the quick release pinch clamp was tightened 

as quickly as possible to stop the siphoning. 

After all five saniples had been taken, the pump was shut off and the 

final water depth measured and recorded. The flume was drained and 

flushed to remove the sand. The water and sand were changed between 



each run so the conditions at the beginning of each run were as identical 

as possible. 

C. Sample Analysis 

The samples were analyzed following, in yeneral, the procedures re- 

commended by the U. S. Geological Survey (Guy, 1969). The samples were 

weighed either on a Mettler single pan balance accurate to 0.1 gram, or, 

when that became unavailable, on a two pan balance accurate to 1.0 gram. 

Before the weight of the sand could be determined, the water had to 

be removed. Part of the water was siphoned from the pails and then the 

pails were tilted in a stand. The remaining water was then siphoned off 

until only about 20 or 30 milliters were left. Distilled water was used 

to flush the sand from the sides and bottom of the pail while the remain- 

ing sand and water were siphoned into a 250 milliter beaker. The excess 

water was poured off and the sand flushed into aluminum weighing dishes. 

The excess water was again siphoned off leaving only several milliters 

of water. The dishes were then dried in an oven to evaporate the remaining 

water. 

The sand was weighed on a two-pan analytical balance, accurate to a 

tenth of a milligram. The weights for the balance had been recalibrated 

before the start of the experiments and the proper corrections were added 

to the weight of each weighing dish and sand to account for the small 

errors in the weights. The sand and the weighing dishes were weighed to 

the nearest milligram. The tares of both the weighing dishes and the 

plastic pails were rechecked several times during the course of the 

experiments. 

The concentration measured was calculated by first getting the net 

weight of the water and sand, or the sand alone,by subtracting the tares 

of the pail or the weighing dish. The weight of the sand was divided 

by the weight of the water and sand to get a concentration in grams per 

kilogram. Since the weight of the sand was negligible compared to the 

weight of the water(typical1y less than 5 g of sand in 5L of water), and 

the specific gravity of water is 1.0 to the accuracy of the measurements 

made, the concentration can be converted directly to grams per liter. 



As was stated earlier the purpose of most of the experimentation 

was to compare the concentration measured by the reference sample to 

that measured by the test sample. The following procedure was used to 

determine the ratio between the two concentrations. Since the vertical 

concentration gradient changed as water was removed from the flume 

(see Section V), the reference concentration at the sampling point 

changed with time. Because of this, the concentrations determined by 

the reference samples before and after the test sample were averaged 

to get the concentration in the flume when the test sample was taken. 

The test sample concentration was then divided by the averaged reference 

concentrations to determine the ratio between test concentration and the 

concentration in the flume. A discussion of the accuracy of this proce- 

dure is given in Section VI. 

D. Flow Visualization 

The procedures for the flow visualization studies were quite different 

from those for the sampling program. No sand was used and the velocities 

and water depths in the flume varied with the requirements for each of 

the flow visualization studies conducted. For part of the visualization 

program flow as nearly laminar as possible was wanted. The flume was 

then filled to the top and a low velocity used. For other studies condi- 

tions similar to the sampling conditions were used. 

Most of the documentation of the flow visualization study was done 

with a 4x5" view camera and polaroid film. The lights, camera angles, 

dye intensity, plume intensity, and dye injection point were changed as 

required to meet changing conditions in the flume and to produce the 

best pictures. When the water became too cloudy with dye to photograph 

the dye streaks, the water was changed. 

Similarly, when dye injection was done with the hand-held needle, the 

rate of injection, the intensity of the dye, and the position of the dye 

injection point were changed as needed to produce the best results. The 

results of these latter studies were recorded manually on drawings of 

the nozzle at various angles to the flow. 



V. EXPERIMENTAL RESULTS 

Group 1: P re l im ina ry  Experiments 

A p r ev ious  s t udy  conducted in  t h e  flume us ing  t h e  same q u a r t z  sand a s  

used i n  t h i s  s t udy ,  had shown t h a t  a c o n c e n t r a t i o n  g r a d i e n t  e x i s t e d  a t  t h e  

downstream end of t h e  flume. S ince  a c o n s t a n t  c o n c e n t r a t i o n  of suspended 

sediment  a long a v e r t i c a l  l i n e  a t  t h e  c e n t e r  of t h e  flume was d e s i r e d  a t  

t h e  sampling l o c a t i o n ,  s e v e r a l  mixing d e v i c e s  were t e s t e d  t o  see  i f  t h e  

c o n c e n t r a t i o n  g r a d i e n t  cou ld  be de s t royed .  None proved t o  be s a t i s f a c t o r y .  

The re fo r e ,  two exper iments ,  P- l  and P-2, were conducted a t  1.37 m and 1.68 m 

(4.5 f t  and 5.5 f t )  downstream of t h e  flume e n t r a n c e  where it  was hoped t h a t  

tu rbu lence  from water  e n t e r i n g  t h e  flume would p r even t  any v e r t i c a l  concen- 

t r a t i o n  g r a d i e n t s .  The e f f e c t  of a i r  e n t r a i n e d  a s  t h e  water  en t e r ed  t h e  

flume on t h e  sampling p r o c e s s  a t  t h e s e  two l o c a t i o n s  was a l s o  observed. Two 

s i z e s  of sand ,  d = 0.06 and 0.11 mm,  were used i n  t h e s e  exper iments .  
50 

I n  t h e  exper iments ,  samples were taken a t  f i v e  e l e v a t i o n s  i n  t h e  flow. 

Two ten-second samples  were c o l l e c t e d  a t  each  e l e v a t i o n  i n  250 mL beakers  

under i s o k i n e t i c  c o n d i t i o n s  t o  de te rmine  t h e  sand c o n c e n t r a t i o n  a t  t h a t  

e l e v a t i o n .  Samples were taken both wi th  and w i thou t  t h e  b a f f l e  s c r een  a t  

t h e  flume en t r ance .  Based on t he  r e s u l t s  of t h e s e  two exper iments ,  an 

e l e v a t i o n  of 9.1.4 c m  (0.300 f t ) ,  1.37 m (4.5 f t )  downstream from t h e  flume 

e n t r a n c e  was s e l e c t e d  a s  t h e  sampling p o i n t  i n  t h e  f low f o r  f u t u r e  expe r i -  

ments. The b a f f l e  s c r e e n  was l e f t  i n  p l a c e  f o r  a l l  f u t u r e  exper iments ,  s i n c e  

it prevented waves from forming i n  t h e  flume. 

I n  t h e  p r ev ious  s t udy  conducted i n  t h e  flume, it had been found t h a t  

t h e  c o n c e n t r a t i o n  of sand a t  any p o i n t  i n  t h e  flume v a r i e d  wi th  t ime. I t  

was impor tan t ,  t h e r e f o r e ,  t o  f i n d  t h e  minimum sampling time needed t o  o b t a i n  

an a c c u r a t e  measurement of t h e  sand c o n c e n t r a t i o n  i n  t h e  flume. I n  expe r i -  

mental  run P-3, ten-second samples were taken a t  t h e  s e l e c t e d  sampling l o c a t i o n  

i n  250 mL beakers  one a f t e r  t h e  o t h e r .  The measured concen t r a t i on  from the  f i r s t  

two samples were averaged ,  then  t h e  f i r s t  t h r e e  samples ,  and then t h e  f i r s t  f ou r  

samples ,  and s o  on u n t i l  a l l  o f  t h e  samples had been included i n  the  average.  



A " s t u d e n t ' s  t" ana lys i s  was done t o  determine the  R S  percent  and 90 percent. 

confidence l i m i t s .  A sampling time of 5 minutes, within t h e  95 percent  con- 

f idence l i m i t ,  was se l ec ted .  In some experiments,  t h i s  sampling time was too  

long, and sampling times a s  shor t  a s  1.5 minutes were used. 

I n  the  f i r s t  t h ree  s e t s  of prel iminary experiments,  P-l through P-3, 

an attempt was made t o  maintain cons tant  cond i t ions  of flow and sand concen- 

t r a t i o n  in  the  flume. This  was accomplished by adding water and sand a f t e r  

10 samples had been taken t o  replace the  water and sand removed by the  

sampling. However, because the  exact  amount of the  water and sand t h a t  had 

been removed were never known u n t i l  a f t e r  the  samples had been analyzed, 

the  amount of water and sand added t o  the  flume was an es t imate  of the  amount 

t h a t  had been removed by sampling. 

I t  was thought t h a t  t h i s  procedure would add unknown va r i ab les  t o  the  

r e s u l t s  of f u t u r e  experiments. A f i n a l  prel iminary experiment, P-4, was 

the re fo re  conducted t o  determine i f  the  reference  sample varied over t h e  

course of an experimental run i f  no water and sand were added t o  the  flume 

t o  replace the  water and sand removed by sampling. Based on t h e  r e s u l t s  of 

t h i s  experiment i t  was decided not t o  at tempt t o  replace  the  water and sand 

removed with the  precaution t h a t  a re ference  sample was taken before and 

a f t e r  each t e s t  sample a s  described in  Sect ion  IV-B. It was assumed t h a t  

any v a r i a t i o n s  in  the  concentrat ion of the  reference  samples would be l i n e a r  

with time and, consequently, an average of the  reference  sample concent ra t ions  

would be the  a c t u a l  concent ra t ion  a t  t he  sampling po in t  when the  t e s t  sample 

was taken. 

Group 2 :  Experiments t o  Determine Sampling Conditions 

The next group of experiments,  t o  determine the  sampling condi t ions  in  the  

flume, were conducted toward the  end of the  sampling proyram. The experi-  

ments were done fo r  two reasons. F i r s t ,  t o  measure the  concentrat ion and 

ve loc i ty  g rad ien t s  in  the  flume a t  the  sampling loca t ions .  Second, t o  

determine a r a t i n g  curve between the  computed mean v e l o c i t y  of the  water 

(Q/A) and the  a c t u a l  v e l o c i t y  of the  water a t  each sampling loca t ion  and 

e levat ion .  



The v e r t i c a l  c o n c e n t r a t i o n  g r a d i e n t s  f o r  two s i z e s  o f  q u a r t z  sand ,  

d50 = 0.06 and 0.20 mm,  were measured a t  t h e  upstream sampling l o c a t i o n  i n  

A-502 and A-501, r e s p e c t i v e l y .  The v e r t i c a l  c o n c e n t r a t i o n  g r a d i e n t  f o r  

0.20 mm sand was measured a t  t h e  downstream sampling l o c a t i o n  i n  run A-503. 

The c o n c e n t r a t i o n s  were measured a t  t h r e e  e l e v a t i o n s  above t h e  bottom of  t he  

flume a t  both  sampling l o c a t i o n s ;  12.19 c m ,  9.14 c m ,  6.10 cm, (0.400 f t . ,  

0.300 f t . ,  0.200 f t . ) ,  which bracke ted  t he  sampling e l e v a t i o n  o f  9.14 c m  

(0.300 f t . ) .  

Three s e p a r a t e  c o n c e n t r a t i o n  p r o f i l e s  were measured over  t h e  cou r se  o f  

t he  run.  Because t h e  c o n c e n t r a t i o n  a t  any p o i n t  i n  t h e  flume changed over  

t h e  cou r se  o f  an exper imenta l  r un ,  a  t ime-averaging techn ique  f o r  measuring 

t h e  v e r t i c a l  c o n c e n t r a t i o n  g r a d i e n t s  was used. A t  each e l e v a t i o n ,  s e v e r a l  

t h i r t y  second samples were t aken  i n  6 seqllence so a s  to avoid any b i a s  and 

combincd i n t o  one sample.  For comparison t h e  g r a d i e n t s  measured a t  bo th  t h e  

upstream and t he  downstream sampling l o c a t i o n s  a r e  shown i n  F ig .  V-1. as 

can  be seen  from Fig.  V-I., t h e  c o n c e n t r a t i o n  Of t h e  0.06 mm sand is n e a r l y  

uniform wi th  dep th ,  bu t  t h e  c o n c e n t r a t i o n  n r a d i e n t  of t.he 0.0% mm sand is 

no t .  

Before t h e  v e l o c i t y  g r a d i e n t s  were nieasured, a  p r e l i m i n a r y  run ,  B - 1 ,  was 

conducted t o  f i n d  t h e  minimum Length o f  time needed t o  o b t a i n  an a c c u r a t e  

average v e l o c i t y  a t  t h e  sampling Locat ion.  Ten-second averages  were measured 

wi th  t h e  D e l f t  mic ro-prope l le r  v e l o c i t y  meter wi th  about  t h r e e  seconds between 

each measurement. A running average o f  t h e  measurements was computed and a  

" s t u d e n t ' s  t "  a n a l y s i s  was done. Based upon t h e  r e s u l t s  o f  t h i s  run it was 

f e l t  t h a t  two minutes ,  w i t h i n  t h e  95 p e r c e n t  conf idence  l i m i t s ,  would be a  

s u f f i c i e n t  t ime t o  measure t h e  v e l o c i t y .  

The v e l o c i t y  p r o f i l e s  a t  t h e  upstream and downstream sampling l o c a t i o n s  

weremeasured i n  runs  B-3 and B-6. The v e l o c i t i e s  were measured a t  f i v e  e leva-  

t i o n s  i n  t h e  f l o w :  a t  t h e  s u r f a c e ,  a t  t h e  bottom, and a t  6.1.0 cin, 9.14 c m ,  

and 12.19 cm (0.200 f t . ,  0.300 f t . ,  0.400 f t . )  above t h e  bottom of  t he  flume. 

Twelve ten-second v e l o c i t y  measurements were taken a t  each e l .evat ion.  These 

were averaged t o  o b t a i n  t h e  v e l o c i t y  a t  t h a t  e l e v a t i o n .  The g r a d i e n t s  a r e  

shown i n  F ig .  V-2 f o r  both Sampling l o c a t i o n s .  A lower water s u r f a c e  e l e -  

v a t i o n  occur red  a t  t h e  downstream sampling l o c a t i o n  than  a t  t h e  upstream 

sampling l o c a t i o n  because t h e  water  s u r f a c e  s l oped  between t h e  two sampling 

l o c a t i o n s .  

4  5  
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The r e l a t i o n s h i p  between t h e  mean v e l o c i t y  i n  t h e  flume and t h e  v e l o c i t y  

of t h e  water  a t  t h e  sampl ing e l e v a t i o n  was i n v e s t i g a t e d  i n  exper imenta l  r u n s  

13-5 and 8 - 7 .  'The mean v e l o c i t y  was c a l c u l a t e d  by d i v i d i n g  t h e  v o l u m e t r i c  

f low r a t e  measured w i t h  t h e  o r i f i c e  meter  by t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  

f low a t  t h e  sampl ing l o c a t i o n .  The v e l o c i t y  a t  t h e  sampl ing l o c a t i o n  and 

samp'ing e l e v a t i o n  was measured w i t h  t h e  D e l f t  v e l o c i t y  meter .  The r e s u l t s  o f  

t h e  r u n s  a r e  p l o t t e d  i n  F i g .  V-3 f o r  t h e  upst ream l o c a t i o n  and i n  F i g .  V-4 

f o r  t h e  downstream l o c a t i o n .  

The v e l o c i t y  measurements were made a f t e r  t h e  m a j o r i t y  o f  t h e  sampl ing 

program was completed.  The assumption had been made o r i g i n a l l y  t h a t  t h e  mean 

v e l o c i t y  c a l c u l a t e d  from t h e  c r o s s - s e c t i o n a l  a r e a  and t h e  f low r a t e  would be 

a good approximat ion o f  t h e  v e l o c i t y  a t  t h e  sampl ing p o i n t .  A s  can be s e e n  

from Fig .  V-3 and F i g .  V-4 t h e  mean v e l o c i t y  u n d e r e s t i m a t e s  t h e  v e l o c i t y  a t  

t h e  s a m p l i n g p o i n t  be abou t  11.2 p e r c e n t  a t  t h e  upst ream sampling l o c a t i o n  ancl 

by abou t  12.4 p e r c e n t  a t  t h e  downstream l o c a t i o n .  

S i n c e  t h e  mean v e l o c i t y  was used to set t h e  i n t a k e  r a t e  i n  t h e  n o z z l e ,  

t h i s  r a t e  was a b o u t  12  p e r c e n t  too low f o r  t h o s e  sampl ing r u n s  conducted be- 

f o r e  t h e  v e l o c i t y  g r a d i e n t s  were measured. Those conducted a f t e r w a r d  used 

the  v e l o c i t y  a t  t h e  sampl ing p o i n t  a s  c a l c u l a t e d  from t h e  mean v e l o c i t y  and 

t h e  r a t i n g  c u r v e s  i n  F i g s .  V-3 and V-4. The e f f e c t  t h a t  t h i s  had on t h e  

r e s u l t s  of t h e  sampl ing run is d i s c u s s e d  i n  S e c t i o n  VI. 

Group 3 and 4: I s o k i n e t i c  and Twice I s o k i n e t i c  Sampl.ing 

The pr imary purpose  o f  t h e  exper iments  was t o  d e t e r m i n e  t h e  e r r o r s  i n  

measuring suspended sediment  c o n c e n t r a t i o n  because  o f  sampl ing nozz le  o r i e n -  

t a t i o n .  Two s e t s  o f  e x p e r i m e n t a l  r u n s ,  200 th rough  600 and 1100 through 1200, 

were conducted.  These exper iments  are d e s c r i b e d  below. Other  exper iments  

done t o  test  t h e  v a l i d i t y  o f  assumptions  o r  t h e  a c c u r a c y  o f  t h e  sampl ing method 

used a r e  d e s c r i b e d  l a t e r .  

Three s i z e s  o f  q u a r t z  sand were used i n  t h i s  sampl ing program, d50 = 0.06,  

0 .11,  0.20 mm. O r i g i n a l l y  o n l y  0.06 and O . 1 1 m m  sand was in tended  t o  be used;  

b u t  a f t e r  e v a l u a t i n g  t h e  r e s u l t s  o f  t h e  r u n s  u s i n g  0.11 mm s a n d ,  it was dec ided  

t o  use  t h e  l a r g e r  sand t o  h e l p  d e f i n e  some t r e n d s  t h a t  had been no ted .  





2.10 2.20 2-30 
Calculated Velocity (Q/A) 

Relationship between calculated velocity.(Q/A) at 
downstream sampling location and measured velocity 
0.0914 m (0.300 ft) above flume bottom. 

FIGURE V-4 



Although t h e  term i s o k i n e t i c  h a s  l i t t l e  meaning when a p p l i e d  t o  a  nozz le  

t h a t  is withdrawing water a t  some o t h e r  a n g l e  t h a n  d i r e c t l y  i n t o  t h e  f low,  it 

is a u s e f u l  way of d e s c r i b i n g  t h e  i n t a k e  v e l o c i t y  of t h e  sampl ing nozz le .  Two 

wi thdrawal  r a t e s  were u s e d ,  "isokinetic" and " twice  i s o k i n e t i c . "  Runs numbered 

200 through 600 were conducted w i t h  i s o k i n e t i c  wi thdrawal  r a t e s  and r u n s  1100 

and 1200 wi th  twice  i s o k i n e t i c  wi thdrawal  r a t e s .  The sampling was done a s  

d e s c r i b e d  i n  S e c t i o n  I V .  The r e f e r e n c e  samples  f o r  a l l  r u n s ,  i s o k i n e t i c  and 

twice  i s o k i n e t i c ,  were removed from t h e  flume i s o k i n e t i c a l l y ,  t h e  nozz le  f a c i n g  

i n t o  t h e  flow. The r e f e r e n c e  sample times were f i v e  minutes .  The t e s t  samples  

f o r  t h e  i s o k i n e t i c  r u n s  were removed a t  an i s o k i n e t i c  wi thdrawal  r a t e ,  a l though  

t h e  n o z z l e  was o r i e n t e d  a t  one of t h e  e i g h t  a n g l e s  shown i n  Fig .  1-2. The 

sample times f o r  t h e s e  samples were f i v e  minutes .  The tes t  samples  f o r  t h e  

twice i s o k i n e t i c  r u n s  were removed i n  t h e  same manner a s  t h e  i s o k i n e t i c  t e s t  

samples  e x c e p t  t h a t  t h e  wi thdrawal  r a t e  was twice i s o k i n e t i c .  The sampling 

times were two and a  h a l f  minutes .  With t h e s e  s h o r t e n e d  sampling times, t h e  

volume o f  water removed from t h e  flume was t h e  same a s  f o r  t h e  i s o k i n e t i c  samples.  

The c o n c e n t r a t i o n s  were determined and t h e  c o n c e n t r a t i o n  r a t i o s  computed 

as d e s c r i b e d  i n  S e c t i o n  I V .  The r e s u l t s  of t h e  exper iments  a r e  l i s t e d  i n  

Tab le  V-1 and Tab le  A-1  f o r  t h e  i s o k i n e t i c  exper iments  and i n  Tab le  V-2 and 

T a b l e  A-2 f o r  t h e  twice i s o k i n e t i c  exper iments .  The r a t i o s  of t e s t  sample con- 

c e n t r a t i o n s  t o  r e f e r e n c e  sample c o n c e n t r a t i o n s  a r e  p l o t t e d  i n  F i g .  V-5 f o r  t h e  

i s o k i n e t i c  samples  and i n  Fig .  V-6 f o r  t h e  twice i s o k i n e t i c  samples.  Only two 

s i z e s  of q u a r t z  s a n d ,  0.06 mm and 0.20 mm,  were used f o r  t h e  twice i s o k i n e t i c  

sampl ing.  A comparison between sand sampled a t  i s o k i n e t i c  and twice i s o k i n e t i c  

wi thdrawal  r a t e s  is shown i n  F ig .  V-7 f o r  0.06 mm sand and i n  F i g .  V-8 f o r  0.20 mm 

sand. The d a t a  p o i n t s  p l o t t e d  i n  F i g s .  V-5 through V-8 a r e  a v e r a g e s  of t h e  

c o n c e n t r a t i o n  r a t i o s  computed a t  each ang le .  Mot a l l  of  t h e  r a t i o s  computed were 

used i n  d e t e r m i n i n g  t h e  a v e r a g e s .  The r e a s o n s  w i l l  be d i s c u s s e d  i n  S e c t i o n  V I I .  

Group 5: Misce l l aneous  Experiments 

I t  had been assumed, when d e s i g n i n g  t h e  exper iments ,  t h a t  t h e  c o n c e n t r a t i o n  

i n  t h e  flume a t  t h e  t ime t h e  t e s t  sample was t a k e n  would be t h e  same a s  t h e  

average  of t h e  r e f e r e n c e  sample c o n c e n t r a t i o n s  t a k e n  b e f o r e  and a f t e r  t h e  t e s t  

sample.  T h i s  assumption was i n v e s t i g a t e d  i n  e x p e r i m e n t a l  r u n s  A-101 and A-102. 



TABLE V-1: ISOKINETIC SAMPLING CONCENTRATION RATIOS (Cn/Cs) 

TABLE V-2: TWICE-ISOKINETIC SAMPLING CONCENTRATION RATIOS (Cn/Cs) 

Le Position 

180 

-910  

.849 

.950 

. 961  

- 9  14 

.873 

.903 

.905 

225 

.84 2 

.779 

.630 

.388 

.432 

Sand Size Nozzle Position 

270 

"942  

.903 

.904 

.793 

.712 

mm 

0.06 

0.02 

270 

.950 

.934 

.943 

.776 

.798 

315 

.994 

1.250 

1.052 

1 . 0 7 1  

0 

.978 

.998 

1 .017  

1.356 

1.118 

.9 16 

.850 

45 

.989 

.745 

1.059 

1 .041  

225 

.910 

.705 

90 

.940 

.946 

.609 

.600 

135 

.902 

.649 

180 

.962 

.867 

.905 
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For each r u n ,  f i v e  i s o k i n e t i c  samples  were t a k e n  a t  t h e  upstream sampling 

l o c a t i o n  us ing  t h e  same procedures  used f o r  t a k i n g  r e f e r e n c e  samples i n  t h e  

Group 4 exper iments .  The c o n c e n t r a t i o n s  of t h e  f i r s t  and t h i r d  and t h e  t h i r d  

and f i f t h  samples  were averaged and a r e  compared wi th  t h e  c o n c e n t r a t i o n s  of 

t h e  second and f o u r t h  samples ,  r e s p e c t i v e l y ,  i n  F ig .  V-9 f o r  0 . 0 6  mm sand and 

in  F i g .  V-10 f o r  0 . 2 0  mm sand.  

The p e r c e n t  d i f f e r e n c e  between t h e  c o n c e n t r a t i o n  of a  sample and t h e  

approximat ion found by averag ing  t h e  c o n c e n t r a t i o n  of t h e  samples t aken  b e f o r e  

and a f t e r  it a r e  -0.2 and t3.3 p e r c e n t  f o r  t h e  0.06 mm sand and -0.8 and t2.7 

p e r c e n t  f o r  t h e  0 .2  mm sand. The p e r c e n t  d i f f e r e n c e s  were c a l c u l a t e d  u s i n g  tine 

foll.owing formula:  

measured c o n c e n t r a t i o n  - averaqed c o n c e n t r a t i o n  A% = x 100 averaged c o n c e n t r a t i o n  (14)  

A d i s c u s s i o n  of t h e  p o s s i b l e  errors in t roduced  by t h e  assumption is g i v e n  i n  

S e c t i o n  V I I .  

S e v e r a l  exper iments  were dec ided  upon a f t e r  a n a l y s i s  of t h e  r e s u l t s  of 

exper iments  t h a t  had been conducted.  Because t h e  r e s u l t s  a t  t h e  180 degree  

p o s i t i o n  w i t h  t h e  nozz le  f a c i n g  downstream were n o t  expec ted  and d i d  n o t  f o l l o w  

t h e  p a t t e r n  e s t a b l i s h e d  by t h e  r e s u l t s  a t  t h e  o t h e r  a n g l e s ,  s e v e r a l  a d d i t i o n a l  

exper iments  were conducted.  

I t  was assumed t h a t  t h e  e x p e r i m e n t a l  r e s u l t s  might be in f luenced  by t h e  

d i s t u r b a n c e  i n  t h e  f low caused by t h e  n o z z l e ,  t h e  nozz le  ho lder  and s u p p o r t ,  

and t h e  s iphon  t u b i n g .  To t e s t  t h i s  s u p p o s i t i o n ,  t h e  b r a s s  n o z z l e ,  i l l u s t r a t e d  

i n  F i g .  111-3 and d e s c r i b e d  i n  S e c t i o n  111, was c o n s t r u c t e d .  The purpose  of 

t h i s  n o z z l e  was t o  minimize t h e  f low d i s t u r b a n c e s  from t h e  nozzl-e, nozz le  

h o l d e r ,  and s iphon  tub ing  a t  t h e  nozz le  mouth. To ach ieve  t h i s  g o a l ,  t h e  s u p p o r t  

rod was p l a c e d  more than  18 nozz le  d i a m e t e r s  away from t h e  nozz le  mouth t o  a l low 

any p e r t u r b a t i o n s  i n  t h e  f low caused by t h e  h o l d e r  o r  t u b i n g  t o  d i s s i p a t e  by t h e  

time t h e  f low reached t h e  nozz le  mouth. I n  a d d i t i o n ,  t h e  nozz le  was p o l i s h e d  

wi th  emery c l o t h  t o  smooth o u t  o r  remove n i c k s  and s c r a t c h e s  on t h e  nozz le  t h a t  

might p e r t u r b  t h e  flow. 

Two p o i n t  gages  were a t t a c h e d  t o  t h e  f lume,  one upstream and one downstream 

of t h e  sampling l o c a t i o n ,  so t h a t  when t h e  b r a s s  nozz le  was mounted on e i t h e r  

one,  t h e  n o z z l e  mouth was a t  t h e  same s p o t  in  t h e  f lume. Using t h i s  ar rangement ,  

t h e  b r a s s  n o z z l e  was mounted on t h e  downstream p o i n t  gage t o  t a k e  t h e  r e f e r e n c e  
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sample. I t  was t h e n  removed, r o t a t e d  180 d e g r e e s ,  and mounted on t h e  upst ream 

p o i n t  gage s o  t h a t  t h e  t e s t  sample c o u l d  be  removed from t h e  same s p o t  i n  t h e  

flume. Other than  t h e  s p e c i a l  method of s u p p o r t i n g  t h e  n o z z l e ,  t h e  same 

procedures  were used a s  i n  sampling t h e  i s o k i n e t i c  run samples.  The upst ream 

sampling l o c a t i o n  i n  t h e  flume was used.  

The r e s u l t s  from t h i s  exper iment  a r e  compared wi th  t h e  r e s u l t s  from t h e  

i s o k i n e t i c  sainpling r u n s  in  F ig .  V- -11  f o r  a l l  t h r e e  sand s i z e s .  

The i n f l u e n c e  of t h e  c o n c e n t r a t i o n  and v e l o c i t y  g r a d i e n t s  on t h e  r e s u l t s  

of t h e  sampl ing were a l s o  of some concern.  Consequent ly ,  sampling was done 

a t  t h e  downstream sampling l o c a t i o n  t o  s e e  i f  any e f f e c t s  because of changes  i n  

c o n c e n t r a t i o n  and v e l o c i t y  g r a d i e n t s  c o u l d  be n o t i c e d .  The 225 degree  p o s i t i o n  

was s e l e c t e d  f o r  sampling a t  t h e  downstream l o c a t i o n  because i t  was t h e  225 d e g r e e  

p o s i t i o n  a t  t h e  upst ream sampling l o c a t i o n  f o r  which t h e  g r e a t e s t  e r r o r  was measured. 

The 315 degree  p o s i t i o n  was s e l e c t e d  f o r  i s o k i n e t i c  sampling downstreain t o  s e e  i f  

t h e  S r e a t e r  t h a n  ncrmal c o n c e n t r a t i o n  measured upstream was t h e  r e s u l t  oE s p e c i a l  

c o n d i t i o n s  i n  t h e  f low a t  t h e  sampling l o c a t i c n .  

Using an i s o k i n e t i c  wi thdrawal  r a t e ,  0.06 mm and 0.20 mm sand was sampled 

a t  t h e  180 and 225 degree  p o s i t i o n s .  I n  a d d i t i o n ,  t h e  0.20 mm sand was sampled 

a t  t h e  315 degree  p o s i t i o n .  No sampling was done a t  t h e  downstream sampling 

l o c a t i o n  u s i n g  t h e  0.11 mm sand. 

For a t  twice  i s o k i n e t i c  wi thdrawal  r a t e s  a t  t h e  downstream sampling l o c a t i o n ,  

on ly  one p o s i t i o n  a t  0 d e g r e e s ,  and one s a n d ,  0.20 mm, were used.  T h i s  p o s i t i o n  

was chosen because  t h e r e  was a  d i sagreement  between t h e  c o n c e n t r a t i o n  r a t i o s  

measured a t  t h i s  p o s i t i o n  a t  t h e  upstream sampling l o c a t i o n  and t h e  concen- 

t r a t i o n  r a t i o s  computed f o r  t h i s  p o s i t i o n  from t h e  work of t h e  F e d e r a l  I n t e r -  

Agency Sed imenta t ion  P r o j e c t  (FIASP, 1.971). 

The r e s u l t s  of t h e  r u n s  a t  t h e  downstream sampling l o c a t i o n  a r e  compared 

w i t h  t h e  r e s u 1 . t ~  from a l l  t h e  r u n s  conducted a t  t h e  upstream sampling l o c a t i o n  

i n  F igs .  V-12 and V-13 f o r  i s o k i . n e t i c  and t w i c e - i s o k i . n e t i c  sampl ing,  r e s p e c t i v e l y .  

Group 6: Observed Flow P a t t e r n s  

The f low v i s u a l i z a t i o n  s t u d i e s  were conducted t o  observe t.he f low p a t t e r n s  

i n t o  and around t h e  sampling nozz le .  Very low ve l .oc i ty  s t u d i e s ,  0.06 mm/sec 
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(0 .2  f p s )  were conducted t o  observe  t h e  f low p a t t e r n s  wi th  as l i t t l e  t u r b u l e n c e  

a s  p o s s i b l e  a f f e c t i n g  t h e  f low p a t t e r n s .  Other  s t u d i e s  were conducted a t  v e l -  

o c i t i e s  approximat ing t h e  c o n d i t i o n s  which e x i s t e d  i n  t h e  sampling phase  o f  t h e  

exper iments .  

The m a j o r i t y  of t h e  s t u d i e s  were recorded p h o t o g r a p h i c a l l y  us ing  a  4x5 

view camera and P o l o r o i d  f i l m .  The observed dye p a t t e r n s  on t h e  photographs  

were ske tched  o n t o  scale drawings  o f  t h e  n o z z l e .  These drawings  were t h e n  

checked a g a i n s t  a  f low v i s u a l i z a t i o n  s t u d y  u s i n g  t h e  hand-held need le .  The 

purpose  of t h i s  s t u d y  was two f o l d ;  f i r s t ,  t o  check and c l a r i f y  dye p a t t e r n s  

away from t h e  s u r f a c e  of t h e  n o z z l e  and second,  t o  de te rmine  and record  t h e  

dye p a t t e r n s  a t  t h e  s u r f a c e  of t h e  nozz le .  The advantage of us ing  t h e  hand- 

he ld  n e e d l e  was t h a t  t h e  dye cou ld  be i n j e c t e d  a t  t h e  p o i n t  in  t h e  f low where 

it was u n c l e a r  from t h e  pho tographs  what t h e  dye p a t t e r n s  were. Also,  t h e  dye 

cou ld  be i n j e c t e d  d i r e c t l y  a t  t h e  s u r f a c e  o f  t h e  nozz le  wi thou t  g r e a t l y  d i s -  

t u r b i n g  t h e  flow. 

The observed f low p a t t e r n s  were a f f e c t e d  by t h e  s t ream v e l o c i t y ,  t h e  i n t a k e  

v e l o c i t y ,  and t h e  i n t e r f e r e n c e  of t h e  nozz le  and its ho lder  wi th  t h e  f low.  The 

s i z e  and shape of t h e  s t reamtube  sampled by t h e  n o z z l e  was a f f e c t e d  bo th  by t h e  

i n t a k e  v e l o c i t y  and t h e  s t r e a m  v e l o c i t y .  The e f f e c t  of t h e  i n t a k e  v e l o c i t y  

seemed l i m i t e d  t o  changing t h e  shape o f  t h e  s t reamtube  near  t h e  nozz le  mouth. 

The s t reamtube  f l u c t u a t e d  abou t  t h e  nozz le  mouth. The f l u c t u a t i o n  seemed t o  be 

d i r e c t l y  r e l a t e d  t o  t h e  amount of t u r b u l e n c e  i n  t h e  s t ream;  it a l s o  seemed t o  

d e c r e a s e  wi th  t h e  i n c r e a s i n g  s t r e a m  v e l o c i t i e s .  A s t a g n a t i o n  p o i n t  was observed a t  

a l l  nozz le  p o s i t i o n s ,  e x c e p t  t h e  0- and 100-degree p o s i t i o n s ,  a t  which t h e  f low 

s e p a r a t e d  t o  g o  around t h e  nozz le  o r  i n t o  t h e  n o z z l e  mouth. The s t a g n a t i o n  p o i n t  

moved c l o s e r  t o  t h e  n o z z l e  mouth d u r i n g  i s o k i n e t i c  sampling a s  t h e  s t ream v e l -  

o c i t y  inc reased .  A t  t h e  90-degree p o s i t i o n  t h e  f low on t h e  back of t h e  n o z z l e  

was observed t o  g o  away from t h e  nozz le  mouth w h i l e  a t  t h e  270-degree p o s i t i o n  

it was observed t o  g o  towards  t h e  nozz le  mouth. T h i s  d i f f e r e n c e  i n  what shou ld  

by hydrodynamical ly  e q u i v a l e n t  s i t u a t i o n s  o c c u r s  because  t h e  nozz le  i n t e r s e c t e d  

t h e  water  s u r f a c e  i n  t h e  270-degree p o s i t i o n .  

The f low p a t t e r n s  f o r  one f low v e l o c i t y  0.61. m/sec (2.0 f p s )  and two 

i n t a k e  c o n d i t i o n s ,  i s o k i n e t i c  wi thdrawal  and no wi thdrawal  a t  a l l ,  a r e  shown 

i n  P i g s .  V-15 through V-28. A l l  e i g h t  nozz le  p o s i t i o n s ,  from 0  t o  31.5 d e g r e e s ,  

a r e  shown. The photographs  of t h e  o t h e r  c o n d i t i o n s  s t u d i e d  e i t h e r  d i d  n o t  



show t h e  dye s t r e a k s  c l e a r l y  enough t o  determine t h e  f low p a t t e r n s ,  o r  t h e  dye 

s t r e a k s  photographed d i d  n o t  vary  enough from t h e  ones  shown t o  de te rmine  t h e  

d i f f e r e n c e .  

I n  t h e  diagrams t h e  f low p a t t e r n s  away from t h e  s u r f a c e  of t h e  nozz l e  a r e  

shown a s  unbroken l i n e s .  Those on t h e  s u r f a c e  a r e  shown a s  broken l i n e s .  The 

reg ion  from which water  is withdrawn i n t o  t h e  nozz le  is shaded. The f low 

p a t t e r n s  shown i n  t h e  f i g u r e s  a r e  a s  a c c u r a t e  a s  could be achieved us ing  t h e  

p rocedures  o u t l i n e d  above. 
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OBSERVED DYE PATTERNS, 45 DEGREE POSITION, ISOKINETIC SAMPLING 

FIGURE V-1.6 
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FIGURE V-17 
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OBSERVED DYE PATTERNS, 135 DEGREE P O S I T I O N ,  I S O K I N E T I C  SAMPLING 

FIGURE V-20  
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FIGURE V-22 
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FIGURE V-23 
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OBSERVED DYE PATTERNS, 225 DEGREE POSITION, ISOKINETIC SAMPLING 

OBSERVED DYE PATTERNS, 225 DEGREE POSITION, NO SAMPLING 

FIGURE V- 25 
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V I .  EXPERIMENTAL ERROR ESTIMATES 

The q u a n t i t y  of d a t a  c o l l e c t e d  i n  t h i s  s t u d y  was n o t  s ! : f f i c i e n t  to 

s t a t i s t i c a l l y  e s t i m a t e  how r e l i a b l e  o r  a c c u r a t e  t h e  d a t a  were. I n s t e a d ,  a 

s t e p  by s t e p  e s t i m a t e  o f  t h e  e r r o r s  i n  t h e  sampling p r o c e s s  used i n  t h i s  

s t u d y  was made. A summary o f  t h e s e  e r r o r  e s t i m a t e s  fo l low.  

E r r o r s  w i l l  be  p r e s e n t e d  i n  t e rms  of p e r c e n t  d i f f e r e n c e  d e f i n e d  a s  

A %  =- Measured v a l u e  - c o r r e c t  v a l u e  x 100 
c o r r e c t  v a l u e  

The s o u r c e s  of e r r o r  f a l l  i n t o  two groups .  F i r s t ,  p r o c e d u r a l  e r r o r s  i n  

sampling t h e  suspended sediment  and i n  a n a l y z i n g  t h e  samples.  Second, e r r o r s  

because  of b a s i c  assumptions  made about  t h e  n a t u r e  of t h e  sampling p r o c e s s  

b e f o r e  t h e  s t u d y  s t a r t e d .  

The major p r o c e d u r a l  e r r o r  i n  sampling t h e  suspended sediment  was caused 

by i n c o r r e c t  i n t a k e  v e l o c i t i e s .  I s o k i n e t i c  i n t a k e  v e L o c i t i e s  f o r  t h e  

t e s t  samples range from about  20 p e r c e n t  less t h a n  t h e  d e s i r e d  i n t a k e  

v e l o c i t y  to  about  10 p e r c e n t  h i g h e r .  

There a r e  s e v e r a l  r e a s o n s  why t h i s  sampl ing e r r o r  occurced.  F i r s t ,  

s e t t i n g  t h e  i n t a k e  v e l o c i t i e s  w i t h  t h e  s iphon  system was d i f f i c u l t .  The 

s i p h o n s  were s e n s i t i v e  t o  small d i f f e r e n c e s  i n  t h e  p r e s s u r e  of t h e  clamps 

on t h e  s iphon  t u b i n g .  I n  a d d i t i o n ,  e r r o r s  were made i n  measuring t h e  i n t a k e  

v e l o c i t y  wi th  t h e  s t o p  watch and v o l u m e t r i c  f l a s k .  Second, t h e  s t ream ve lo -  

c i t y  used t o  se t  most of t h e  i n t a k e  v e l o c i t i e s  was Q/A o r  t h e  mean c a l c u l a t e d  

s t ream v e l o c i t y .  T h i s  was between LO t o  20 p e r c e n t  lower t h a n  t h e  a c t u a l  ve- 

l o c i t y  a t  t h e  sampling l o c a t i o n  and e l e v a t i o n  i n  t h e  f low.  T h i r d ,  t h e  i n t a k e  

v e l o c i t i e s  were s e l e c t e d  to  match a n  average s t r e a m  v e l o c i t y  o v e r  t h e  c o u r s e  

o f  an e x p e r i m e n t a l  run  even  though t h e  v e l o c i t y  v a r i e d  w i t h  time. P o u r t h ,  t h e  

i n t a k e  v e l o c i t y  was angle-dependent .  T h a t  i s ,  a s  t h e  nozz le  mouth was t u r n e d  

away from t h e  f l o w ,  t h e  i n t a k e  v e l o c i t y  dropped because  o f  t h e  change of t h e  

impact p r e s s u r e  on t h e  n o z z l e  opening.  



For t h e  0.20 mm sand ( l a r g e s t  p a r t i c l e  s ize)  t h e  r e s u l t i n g  e r r o r s  in  concen t ra -  

t i o n  of t h e  r e f e r e n c e  samples was e s t ima t ed  wi th  t h e  a i d  of Fig .  VI-1 which 

was c o n s t r u c t e d  using t h e  r e s u l t s  of t h e  F e d e r a l  I n t e r agency  Sedimentat ion 

P r o j e c t  (FIASP, 1941) .  The maximum e r r o r  i n  c o n c e n t r a t i o n  u s ing  t he  f i g u r e  

would be about. 3 pe rcen t .  T h i s  is increased  t o  5  p e r c e n t  a s  t h e  maximum esti-  

mated e r r o r .  

E r r o r s  in  t h e  t e s t  sample c o n c e n t r a t i o n s  a r e  more d i f f i c u l t  t o  e s t i m a t e  

s i n c e  t h e  PIASP s tudy  r e s u l t s  app ly  only t o  t h e  r e f e r e n c e  samples. The e r r o r s  

i n  c o n c e n t r a t i o n  can be e s t ima t ed  from p l o t s  of t h e  c o n c e n t r a t i o n  r a t i o s  a g a i n s t  

t h e  r a t i o s  of i n t ake  v e l o c i t y  t o  t h e  s t ream v e l o c i t y .  The ang l e s  f o r  which 

two o r  more d a t a  p o i n t s  were a v a i l a b l e  a r e  p l o t t e d  i n  F ig .  VI-2. The maximum 

e r r o r  is about  10 p e r c e n t  f o r  t h e  twice i s o k i n e t i c  sampling.  T h i s  is used a s  

t h e  maximum es t ima t ed  e r r o r .  Note t h a t  any e r r o r s  f o r  t h e  r e f e r e n c e  sample 

c o n c e n t r a t i o n s  a r e  hidden i n  t he  f i g u r e s .  

P rocedura l  e r r o r s  i n  ana lyz ing  t h e  sample r e s u l t  from t h r e e  sources :  in- 

a ccu ra t e  weighing of t h e  e n t i r e  sample,  i naccu ra t e  weighing of t h e  sand i n  t h e  

sample,  and l o s s  of sample o r  sand du r ing  t h e  a n a l y s i s .  

The e n t i r e  sample,  t h a t  is t h e  sand and t h e  wa t e r ,  was weighed on s c a l e s  

a c c u r a t e  t o  e i t h e r  0.1 g  o r  1 g depending upon which s c a l e  was a v a i l a b l e .  The 

t a r e s  of t h e  p l a s t i c  p a i l s  were measured t o  w i t h i n  0 .1  g.  They were r e t a r e d  

du r ing  t h e  s t udy  and t h e  new t a r e s  were a l l  w i t h i n  0.2 g  of t h e  o ld  t a r e s .  

The maximum e r r o r  thought  l i k e l y  is 2 5  g  i n  t h e  weights .  For t h e  amount of 

sample,  which was around 2500 t o  3000 g per  measurement (5 .5  t o  6.6 l b s ) ,  t h i s  

is an e r r o r  of l e s s  than  0.2 pe r cen t .  The maximum es t ima t ed  e r r o r  is s e t  a t  

1.0 pe r cen t .  

The sand was weighed on an a n a l y t i c a l  balance a c c u r a t e  t o  w i t h i n  0.1 mg. 

The weigh ts  had a l l  been c a l i b r a t e d  and were a c c u r a t e  t o  w i t h i n  0.2 mg a f t e r  

ad jus tments  had been made f o r  t h e  e r r o r  i n  each weight .  The weighing d i s h e s  

were r e t a r e d  s e v e r a l  t imes  du r ing  t h e  cou r se  of t h e  s tudy .  The t a r e s  f o r  t h e  

d i s h e s  f a l l  w i t h i n  a  range of A0.2 mg. The e f f e c t  of d i s s o l v e d  s o l i d s  concen- 

t r a t i o n  i n  t h e  water on t h e  measured weight of t h e  sand is ignored because it 

was d e t e c t a b l e .  The amounts of sand weighed ranged from about  0.07 g  t o  

5.2 g  (0.002 t o  0.18 0 2 ) .  The maximum es t ima t ed  e r r o r  is less  than 5  mg. 

Using 1 g a s  a  reasonable  lower bound f o r  t h e  sand we igh t s ,  t he  e r r o r  is less 

than 1.0 pe r cen t .  
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Loss o f  a p o r t i o n  of t h e  sample i n  t h e  a n a l y s i s  p rocedure  must a l s o  be 

c o n s i d e r e d  ( s e e  S e c t i o n  I V ) .  Because of t h e  c a r e  wi th  which t h e  samples  were 

a n a l y z e d ,  it is b e l i e v e d  t h a t  t h i s  l o s s  can  be n e g l e c t e d .  

A t  t h e  beginning of t h e  s t u d y  it was assumed t h a t  t h e  a c t u a l  c o n c e n t r a t i o n  

in  t h e  flume a t  t h e  t ime t h e  t e s t  sample was t a k e n  was e q u a l  t o  t h e  average 

of t h e  c o n c e n t r a t i o n s  of t h e  r e f e r e n c e  samples  t a k e n  b e f o r e  and a f t e r  t h e  

test sample.  T h a t  is, it was assumed t h a t  any v a r i a t i o n s  in  c o n c e n t r a t i o n  

i n  t h e  flume would be l i n e a r  wi th  t ime.  A s  is shown i n  P i g s .  V-9 and V-10, t h e  

e r r o r s  in  e s t i m a t i n g  t h e  c o n c e n t r a t i o n  a r e  l e s s  than  abou t  3 . 3  p e r c e n t .  To 

i n c r e a s e  t h e  margin of s a f e t y ,  t h e  maximum e s t i m a t e d  e r r o r  because of t h i s  

assumption is set a t  25 p e r c e n t .  

Using t h e s e  maximum e s t i m a t e d  e r r o r s ,  a t  t h e  c o n c e n t r a t i o n s  measured,  t h e  

maximum e s t i m a t e d  e r r o r  f o r  t h e  r a t i o  between t h e  r e f e r e n c e  c o n c e n t r a t i o n  and 

t h e  t e s t  c o n c e n t r a t i o n  is 227 p e r c e n t  of t h e  a c t u a l  v a l u e .  The expec ted  e r r o r  

is, however, much l e s s  t h a n  t h a t  f o r  t h e  f o l l o w i n g  r e a s o n s .  

F i r s t ,  t h e  above a n a l y s i s  of t h e  maximum p o s s i b l e  e r r o r  assumes t h a t  t h e  

wors t  e r r o r s  p o s s i b l e  occur  a t  each  s t e p  of t h e  sampl ing and a n a l y s i s  p rocess .  

Many of t h e  e r r o r s  were p robab ly  a t  least  p a r t i c a l l y  s e l f - c a n c e l l i n g .  

Second, s e v e r a l  i n t e r n a l  checks  were used i n  a n a l y z i n g  t h e  d a t a  t o  s e e  i f  

samples  were c o n s i s t e n t .  The f i r s t  check used was t o  p l o t  t h e  r e f e r e n c e  sample 

c o n c e n t r a t i o n s  a g a i n s t  t h e  Froude number of t h e  f low a t  t h e  t ime t h e  sample was 

t aken .  I f  t h e  r e f e r e n c e  sample c o n c e n t r a t i o n s  from an e x p e r i m e n t a l  run d i d  n o t  

p l o t  c l o s e l y  w i t h  t h e  r e f e r e n c e  sample c o n c e n t r a t i o n s  from o t h e r  r u n s ,  t h e  run 

was n o t  used u n l e s s  t h e  c o n c e n t r a t i o n  r a t i o s  determined by t h e  run s a t i s f i e d  t h e  

c r i t e r i a  below. 

For some n o z z l e  p o s i t i o n s ,  0 and 90 d e g r e e s ,  t h e  c o n c e n t r a t i o n  r a t i o s  had 

been determined by t h e  F e d e r a l  I n t e r a g e n c y  Sed imenta t ion  P r o j e c t  (FIASP, 1941) .  

The c o n c e n t r a t i o n  r a t i o s  determined i n  t h i s  s t u d y  were compared wi th  t h o s e  of t h e  

FIASP. I f  t h e y  d i d  n o t  c l o s e l y  a g r e e ,  a s  wi th  t h e  twice i s o k i n e t i c  0 degree  

p o s i t i o n  c o n c e n t r a t i o n  r a t i o s ,  t h e  r u n s  were done over a g a i n  o r  o t h e r  a d d i t i o n a l  

exper iments  were c a r r i e d  o u t  t o  v e r i f y  t h e  r e s u l t s .  

I f  more t h a n  one c o n c e n t r a t i o n  r a t i o  a t  a  nozz le  a n g l e  had been d e t e r -  

mined, and i f  t h e s e  r e s u l t s  were n o t  w i t h i n  LO p e r c e n t  of each o t h e r ,  more 



samples were taken a t  t h a t  nozz le  ang le .  Time r e s t r i c t i o n s  precluded d u p l i c a t i o n  

of a l l  exper iments .  

How w e l l  t h e  r e s u l t s  p l o t t e d  on a  po l a r  graph of c o n c e n t r a t i o n  r a t i o s  a g a i n s t  

nozz le  ang l e s  was a major concern (F ig s .  V-5 through V-8 ) .  I t  was expected t h a t  

t h e  graph would have a t  l e a s t  an a x i s  of symmetry because t h e  nozz le  p o s i t i o n s  

above t h e  h o r i z o n t a l  p lane  a r e  hydrodynamically s i m i l a r  t o  t h e i r  c o u n t e r p a r t s  

below t h e  p lane .  That symmetry was no t  shown by t h e  d a t a  (see e.g.  t h e  315 

degree  p o s i t i o n ) .  A l l  sand s i z e s  e x h i b i t e d  t h e  same tendency. T h i s  l ed  t o  t h e  

conc lu s ion  t h a t  t h e  expe r imen t a l  r e s u l t s  were c o r r e c t .  A d d i t i o n a l  exper iments  

were a l s o  conducted t o  v e r i f y  t h e  315O p o s i t i o n  r e s u l t s .  

Even though t h e r e  were few d a t a  t o  ana lyze ,  it is be l i eved  t h a t  concen- 

t r a t i o n  r a t i o s  shown i n  F ig s .  V-5 through V-8 a r e  accurace  t o  w i t h i n  55 p e r c e n t .  



T h i s  s t udy  was on ly  an e x p l o r a t o r y  i n v e s t i g a t i o n  i n t o  t h e  type and magni- 

t udes  of e r r o r s  r e s u l t i n g  from sampling w i th  a  nozz le  a t  an ang l e  t o  t h e  flow: 

on ly  one f low r a t e  was used ,  on ly  a  sma l l  number of samp1.c~ were c o l l e c t e d ,  

on ly  t h r e e  sand s i z e s  were used ,  and t h e  exper iments  were done i n  a  s m a l l  flume 

no t  a  n a t u r a l  s t ream.  F u r t h e r  s t u d i e s  i n  l a b o r a t o r y  f lumes and n a t u r a l  s t r e ams  

must be made b e f o r e  t h e  magnitude of t h e  e r r o r s  can  be e s t ima t ed  a c c u r a t e l y ,  

However, s e v e r a l  conc lu s ions  can  be made about  t h e  e r r o r s  r e s u l t i n g  from 

sampling wi th  a  nozz l e  a t  an ang l e .  

1. A s  p r e d i c t e d  by t h e  a n a l y s i s  i n  S e c t i o n  11, t h e  e r r o r s  inc reased  a s  

e i t h e r  t h e  mass of t h e  p a r t i c l e  o r  t h e  ang l e  of t h e  nozz le  i nc r ea sed ,  o r  bo th ,  

excep t  a t  t h e  180-degree p o s i t i o n  where t h e  sampling e f f i c i e n c y  was about  85 

t o  90 pe r cen t  r e g a r d l e s s  of t h e  sand s i z e  or withdrawal  r a t e .  The dye s t u d i e s  

i nd i ca t ed  t h a t  t h i s  may be because t h e  sand is thrown i n  f r o n t  of t h e  nozz le  

mouth by a  t u r b u l e n t  wake. S ince  t h e  worst sampling e f f i c i e n c i e s  were found 

a t  t h e  135- and 225-degree p o s i t i o n s ,  t h i s  anomaly may d i s appea r  a  few de-  

g r e e s  e i t h e r  s i d e  of t h e  180-degree p o s i t i o n .  

2. A s  p r e d i c t e d  by t h e  a n a l y s i s  i n  S e c t i o n  11, t h e  r e s u l t s  a r e  symmetric 

about  t h e  h o r i z o n t a l  a x i s  f o r  sma l l  p a r t i c l e s ;  bu t  symmetry is los t  when t h e  

p a r t i c l e s  became l a r g e r  (F ig s .  V-5 through V-81, e s p e c i a l l y  a t  t h e  315-degree 

p o s i t i o n .  S ince  t h e  sampling e f f i c i e n c y  i nc r ea sed  when t h e  nozz le  was p o i n t i n g  

down, t h e  i n c r e a s e  i n  e f f i c i e n c y  may be because t h e  inc reased  weight of t h e  

p a r t i c 1 . e ~  made it e a s i e r  f o r  them t o  fo l l ow  s t r e a m l i n e s  cu rv ing  downward in- 

s t e a d  of  upward. 

3. Sampling e f f i c i e n c y  i n c r e a s e s  a s  p a r t i c l e  s i z e  dec r ea se s .  T h e r e f o r e ,  

sediment  samples c o l l e c t e d  i n  t h e  f i e l d  wi th  t h e  sampling nozz le  a t  an ang l e  

t o  t h e  f l ow  w i l l  be b iased  towards t h e  s m a l l e r  p a r t i c l e s .  A l s o ,  t h e  d a t a  

sugges t s  t h a t  t h e r e  is a  p a r t i c l e  s i z e  below which sampling e r r o r s ,  because 

of nozz le  a n g l e ,  can  be ignored s i n c e  they  a r e  n e g l i g i b l e .  Th i s  minimum s i z e  

is a  f u n c t i o n  of withdrawal. r a t e  and nozz le  o r i e n t a t i o n  a s  shown i n  F ig .  V I I - 1 .  
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4. Sampling e f f i c i e n c y  i nc r ea sed  a s  i n t a k e  v e l o c i t i e s  inc reased .  There- 

f o r e ,  when t h e  nozz l e  is a t  an ang l e  t o  t h e  f low,  t h e  i n t a k e  v e l o c i t y  should  

be h igher  than t h e  s t ream v e l o c i t y .  The work of t h e  F e d e r a l  In te ragency  

Sedimentat ion P r o j e c t  (1941) i n d i c a t e s  t h a t  t h e r e  may be a  maximum v e l o c i t y  

r a t i o  beyond which t h e  sampling e f f i c i e n c y  d e c r e a s e s  ( s e e  F igs .  11-14  through 

11-16). 

5 .  Both t h i s  s t udy  and t h e  work of  t h e  F e d e r a l  In te ragency  Sed imenta t ion  

P r o j e c t  (1941) i n d i c a t e  t h a t  f o r  i s o k i n e t i c  sampl ing ,  i f  t h e  nozz le  ang l e  

d e v i a t e s  s l i g h t l y  from p o i n t i n g  d i r e c t l y  i n t o  t h e  f low,  t he  e r r o r s  a r e  n o t  

s i g n i f i c a n t .  The maximuni ang le  seems t o  be between 30 and 45 deg ree s .  

6. Th i s  s t udy  and o t h e r  s t u d i e s  (FIASP, 1941; Raynor, 1.970) sugges t  

t h a t  t h e  sampling e f f i c i e n c y  is a t  l e a s t  a  f u n c t i o n  Of s t ream v e l o c i t y ,  t h e  

r a t i o  of i n t ake  t o  s t ream v e l o c i t i e s ,  nozz le  a n g l e ,  nozz le  d e s i g n ,  sediment 

s i z e ,  shape and mass, f l u i d  p r o p e r t i e s ,  and s t r e am c h a r a c t e r i s t i c s  such a s  

t u rbu l ence  and secondary c u r r e n t s .  I t  is probab ly  imposs ib le ,  t hen ,  t o  

deve lop  a  g e n e r a l  t h e o r y  t h a t  w i l l  adequa te ly  p r e d i c t  t h e  e r r o r s  f o r  a l l  

sampling s i t u a t i o n s  such a s  sampling from a i r  o r  from wa te r ,  from a  p i p e ,  o r  

from a  s t ream.  I t  should be p o s s i b l e ,  however, t o  determine t h e  e r r o r s  f o r  

p a r t i c u l a r  sampling s i t u a t i o n s  such a s  us ing a  s i n g l e  type  of nozz le  i n  a  

stream. 



V I I I .  RECOMMENDATIONS 

I t  is recommended t h a t  f u t u r e  i n v e s t i g a t i o n s  be conducted a long  one of  

t h r e e  l i n e s ;  exper imenta l  s t u d i e s  i n  l a b o r a t o r y  f lumes ,  computer modeling 

of t h e  flow around and i n t o  t h e  n o z z l e ,  and f i n a l l y ,  exper imenta l  s t u d i e s  i n  

n a t u r a l  s t reams  t o  v a l i d a t e  t h e  r e s u l t s  o f  t h e  flume and computer modeling 

s t u d i e s .  

The fo l lowing  l i n e s  of r e s e a r c h  a r e  sugges ted  f o r  f u t u r e  flume s t u d i e s .  

1. I n v e s t i g a t e  t h e  fo l lowing  t o  s e e  what t h e i r  e f f e c t  is on t h e  

sampling process :  

a .  St ream v e l o c i t y  

b. D i f f e r e n t  t ypes  of sediment  such as c l a y s  and s i l t s  

c. The v e r t i c a l  sediment g r a d i e n t  i n  t h e  flume 

d.  Nozzle des ign  

e.  The nozz le  ho lder  and s u p p o r t s  

f .  The i n t a k e  v e l o c i t y  

2. Determine t h e  lower sediment s i z e  below which t h e  e f f e c t s  of nozz le  

o r i e n t a t i o n  on sampling suspended sediment  can  be ignored f o r  d i f f e r e n t  nozz le  

ang les .  

3 .  I n v e s t i g a t e  sampling a t  o r  near  t h e  180-degree p o s i t i o n .  Can t h e  

sampling e f f i c i e n c y  be improved? A t  what a n g l e s  does  t h e  e f f i c i e n c y  dec r ea se?  

What e f f e c t s  d o  nozz le  d e s i g n ,  s t ream v e l o c i t y ,  t u rbu l ence  i n t ake  v e l o c i t i e s ,  

sediment s i ze  and type  have on t h e  sampling e f f i c i e n c y ?  

4 .  I n v e s t i g a t e  sampling around t h e  O-degree p o s i t i o n .  How g r e a t  an ang l e  

can t h e r e  be be fo r e  t h e  sampling e r r o r  becomes s e r i o u s ?  

Computer modeling of t h e  f low around and i n t o  t h e  sampling nozz l e ,  along wi th  

dye s t u d i e s ,  would be u s e f u l  i n  unders tand ing  t h e  e n t i r e  sediment sampling pro- 

c e s s .  The r e s u l t s  cou ld  be used t o  d e s i g n  improved sampling nozz l e s  t h a t  reduce 

sampling e r r o r .  



F i n a l l y ,  f i e l d  s t u d i e s  must be made t o  v a l i d a t e  t h e  r e s u l t s  of t h e  flume 

and computer model s t u d i e s .  N a t u r a l  s t r e a m  c o n d i t i o n s  a r e  s u f f i c i e n t l y  d i f f e r e n t  

from t h o s e  i n  a  flume t h a t  t h e  r e s u l t s  o b t a i n e d  i n  a  flume may n o t  be a p p l i c a b l e  

t o  t h e  n a t u r a l  s t r eam.  
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